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SYNOPSIS



Description of quantum dynamics of molecular systems

provides greater insight into the chemically interesting

phenomena.1 Obtaining the dynamics of a system require to solve

the time-dependent Schroedinger equation (TDSE)

ihdijj/dt = H0. (1)

Here H is the Hamiltonian operator for the system and \/i is the

wavefunction. The wavefunction \j> can be expressed as

(* - UF0, (2)

where U is the evolution operator and <p is the intial state.

The TDSE can then be written interms of the evolution operator as

ihUF = HUF. (3)

The evolution operator can be constructed in a number of ways.

For example in a perturbative2'3 fashion where the evolution

operator is expanded as a power series or in a nonperturbative

way as in Lie- algebraic ' or coupled cluster method.

In this thesis we present a few approaches developed for

determining the quantum dynamics. All these approaches invoke

exponential form to the evolution operator. In Chapter II we

develop degenerate perturbation theories based on an exponential

ansatz to obtain the quantum dynamics in finite dimensional

vector spaces. This and the non-pertubative approaches to be

discussed in latter chapters use the framework of effective

Hamiltonian theory.6 In this approach a group of strongly

interacting states are identified as a model space. The wave

function is parametrized as

0 = U</>, (4a)

where <p is the projection of ip on to the model space and U is the

time-dependent analogue of the Moller wave operator. These

satisfy

QHP = 0, (4b)

i<t> = PHP<*>, (4c)

H = U-1HU - ilT'u. (4d)

Here P and Q are the projection operators onto the model space M

and its complimentary virtual space V respectively.
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We posit the wave operator U in a Wei-Norman3 product form

u(t) = n
 e xP [gk(t)Ak]. (5)
k

The operator A are the generators of the Lie algebra to which

the Hamiltonian belongs. Based on analysis of the structure of

the concerned operator algebra, it is shown that a reduction

principle exists. To exhibit it we classify the operator set as

follows:

set of excitation operators: E = { Xvm= |v> <m| ; v e V, m e M }

set of deexcitation operators: D = { Y =|m><v| ; v e V, m e M }

set of shift operators:S = { Z = |m> <n|, W = |u> <v| ; m,n

e M ;u,v € V }

It is then demonstrated that when the evolution operator is

parametrized as

Up = exp(X)exp(Y)exp(Z+W), (6)

the equations of motion for the generators are decoupled due to

the subalgebraic structure present in the operator space.

Consequently, the model space wave operator U is given by

U = exp(X)exp(Y). (7)

The generators X and Y satisfy

iX = Q exp(-X) H exp(X) P, (8a)

iY = P exp(-Y) [ exp(-X)Hexp(X)-iX ] exp(Y) Q. (8b)

These equations are decoupled since X does not depend upon Y.

Expanding X perturbatively we obtain

X = p " Xn, (9a)

iXn = HQP6nl + HQQXn-l - Xn-1HPP " ^ XrHPQXn-r-l' <9b>

where n is the order of perturbation. This approach we term as

the similarity transformation based perturbation theory (STP),

since in effect, it postulates U = exp(X).

One problem with this approach is that norm may be violated.

Exploring the origin of these norm violations, we found that when

eq.(4b) is not exactly satisfied, the inverse transform of the

V



residual term R (=H-H o x i m a t e)
 m i 9 h t n o t b e hermitian and thus

might give rise to complex eigenvalues. The component of the

wave packet corresponding to such eigenvalues would grow in time

leading to norm violations. By defining an R_o such that RQ0 =

R* and requiring R = ROQX would guarantee that H=H-URU" is

hermitian. In such a case X must satisfy

iX = H Q p + (HQQ- R Q Q ) X - XHpp - XHpQX. (10)

In this case X can not be obtained as a power series. Instead

approximations to X are obtained by defining different RQQ

matrices. We term these approaches as the hermitised similarity

transformation based theories (HST).

Another approach which avoid norm violations is obtained by

insisting that the full evolution operator underlying wave

operator to be unitary. It can be shown by direct substitution

that UF is unitary if Y satisfies the equation

Y = - (l+X4^)"1 x+. (11)

Thus usage of eq. (8b) with eq. (11) for Y ensures that there is

no norm violation. We term this approach as the unitary

transformation based perturbation theory (UTP).

We have used the three approaches to follow the dynamics of

a harmonically driven Morse oscillator. It appears from these

studies that the perturbation theory based on similarity

transformation (STP) is adequate atleast for weak coupling or

short time dynamics while at longer times the norm violation

effects seem to become significant. The nonperturbative

approximation (HST) was guaranteed to conserve the norm. The

performance of this approximation was quite good. Approximations

based on unitary transformation(UTP) do not suffer from norm

violation; however, this seems to be achieved at the cost of

practically eliminating some of the states from the model space.

Its performance is in general worse than an unconstrained

similarity transformation based approach.

In chapter III we extend the Lie-algebraic approach to the

construction of wave operator in the Fock space. It turns out

that this analysis leads to the time-dependent generalization of

the multireference coupled cluster methods using an ordinary

vi



The model space effective Hamiltonians are just P H P .

It is not convenient to calculate non-energitic properties or

transition matrix elements in the above formulation. Since the

H are similarity transformations of H, it is possible to

calculate such quantities only by obtaining both the left and

vii

exponential ansatz developed earlier in the context of electronic

structure theories.7 There are several sub-algebra sequences

present in the operator space of the Fock space, and these can be

used to decouple the equations of motion for the various

generators. Since the Hamiltonian of a many particle system

H = I <i|h|j> ata. + £ <ij|v|kl> atata,a. + ... (12)
i j 1 J 1 K.

commutes with the number operator, only those operators which

commute with the number operator contribute to U. We note in

passing that the complete set of such operators is closed under

commutation and hence forms a Lie algebra L . Following

Kutzelnigg we classify this operator set as: (i) Set of all

Closed operators, C which contain valence operators only, (ii)

Set of all operators closed from Below, B. (iii) Set of all

operators closed from Above, A. (iv) Set of Open operators, 0

that do not belong to any of the above sets.

We further classify the non-diagonal operators B and A as

follows. We define B as the set of B type operator that contain

exactly k number of valence and arbitrary number of hole

annihilation operators. Similarly we define A as the set of A

type operators with exactly k number of valence and arbitrary

number of hole creation operators. It is shown that set of

operators L = L - B are closed under commutation and thus form

Lie algebras. Hence the wave operator is written as
(13a)

(13b)

(13c)

(13d)

(13e)

The working equations are given (analogous to eq.(4)) by
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right eigenvectors of H. It is desirable to construct H^ that

is block diagonal such that it satisfies

(14a)

(14b)

(14c)

(15)

The final wave operator has the form

For zero valence problem, this operator reduces to the form

suggested by Arponen in his development of the extended coupled

cluster method. The final H is of block diagonal form. Hence

its left and right eigenvectors are confined to the model space.

These can be used along with the effective operators to evaluate

transition matrix elements.

In Chapter IV we test the applicability of the

multireference time dependent coupled cluster method (MRTDCCM)

developed in the Chapter III for describing the intramolecular

vibrational relaxation (IVR) process in two model systems. Our

first system is a simple hydrocarbon chain model studied earlier

by Hutchinson et al.n The initial conditions are defined such

that the CH oscillator is in one of its excited eigenstates at t

= 0. The Hamiltonian of the system is taken to be

(16a)

(16b)

(16c)

where i is the harmonic mode index. D and a are the Morse

parameters for the CH bond. The eigen functions of H are the

oscillator product states |m >|n > | n > |n > |n >, where m is the

quantum number of the Morse oscillator and n is the quantum

number of the ith harmonic oscillator. We have studied dynamics

for two initial conditions with quantum number m = 4 and 5 at

t=0. Several near degeneracies exist among the zeroth order



We have calculated the survival probability of the initial state

and the energy of the Morse mode as a function of time.

We also studied the utility of a mixed representation in

which we treat all the bath harmonic oscillators in terms of

boson ladder operators and the Morse oscillator in the basis set

representation. Again only U is required for obtaining the

dynamics. The cluster operator S1 in this representation is

Here first mode (i=l) is Morse oscillator and 2 to 5 are harmonic

oscillator modes.

The closed operators belonging to C and C contribute to

the model space effective Hamiltonian. The open from below

operators B and B contribute to the cluster operator that

genrates U. U can now be written as

U = U0Ulf (17a)

The governing equations for S° are decoupled from those of S1 due

to subsystem embedding condition. It can be shown that U =1 for

this Hamiltonian. Hence

ix

states of the system due to the CH bond anharmonicity. Oui

model space consists of all the states { |m, 0,0,0,0>;0* m s M }.

The necessary sets of operators for this model space are:

(18a)

(18b)

With our choice of the model space and the operator set, the

cluster operator S1 consists of operators that excite the bath

modes and simultaneously cause scatterings among the Morse

states:

(17b)



etc. Here m, n are the Morse oscillator basis functions.

In the second application, we consider the haydrocarbon

chain discussed above interacting with the radiation field via

the term V

v' = A qcHcos(wrt), (20)

where A is the field strength and w is the frequency of the

radiation field. In our calculations we have set equal w such

that the initial state |0,0,0,0,0> is in 4:4 resonance with the

final state |4,0,0,0,0>. The calculations are carried out in the

basis set representation and the cluster expansion is truncated

after S approximation.

For system-I, for the initial conditions that we have

studied, a rapid and irreversible decay is observed due to the

presence of several overlapping non-linear resonances. The

MRTDCCM approach with ordinary exp(S) ansatz is able to provide

an adequate description of IVR at two body level since it

simulates the 3, 4 body excitations as products of S* operator.

Beyond about 4 vibrational periods the inherent weakness of the

method i.e. the development of the intruder states with the

complex eigenvalues mars its performance. If the model space is

chosen judiciously so as to include all the strongly interacting

states, its performance is expected to improve. The normally

ordered exp(S) ansatz does not suffer from the intruder state

problem but it is not converged in the basis and requires the

inclusion of higher rank operators just as in configuration

interaction (CI) method. The boson representation reproduced the

survival probabilities to a better extent for longer times than

the basis set representation because it effectively includes the

full basis of the harmonic oscillator modes. In the second

system within the time scale of our study the many body

interactions do not play a major role and the ordinary MRTDCCM is

no better than the normally ordered MRTDCCM.

In Chapter V we study the applicability of TDCCM to study

(19a)

(19b)

x



the electronic-vibrational energy transfer in systems containing

nonadiabatically coupled potential energy surfaces and developed

TDCCM in a dynamical basis generated by the TDSCF aproach for the

problem. We model our systems such that only two electronic

states belonging to different irreducible representations and

n-vibrational modes are relavent for the dynamics.1 The

Hamiltonian for the two state n-mode system is taken to be

xi

(21a)

(21b)

(21c)

(24a)

(24b)

(24c)

(24d)

(24e)

The cluster operator S° is expanded as

where i is the electronic state and n represents the vibrational

mode. In this nonadiabatic problem the coupling mode and the

electronic degrees of freedom interact strongly. So we treat

them as a single subsystem.13 The resulting Hamiltonian for the

system can then be written as

H = H e c + Ht. (22)

Here H is the Hamiltonian corresponding to coupling mode

electronic degree subsystem and H is the Hamiltonian for the

tuning modes. We have taken the single reference CCM reference

function 4> by

Since this two state and n-mode nonadiabatic system contains zero

valence and arbitrary number of hole creation operators only C

and B type operators sets are necessary for obtaining the

dynamics in this model. The evolution operator can then be

written as



Here the functions <p and <p are determined by TDSCF method.

We now invoke TDCCM ansatz. We approximate the one body cluster

operator S° to zero because the TDSCF incorporates these effects.

Autocorrelation functions and spectra are

calculated for four model systems: (1) 3-mode ehtylene cation14

second band, (2) 3-mode pyrazine15 S surface, (3) 4-mode

pyrazine16 S surface, (4) 24-mode pyrazine16 S surface and
2 2

are compared with TDSCF method. The equations in this formalism

are not stiff at least over the time period of our study. In all

the calculations TDCCM approach has shown significant improvement

over TDSCF method.
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CHAPTER I

INTRODUCTION



Interpretation of properties of matter is a challenging

field of fundamental interest for scientists. The analysis of

macroscopic properties of a bulk system requires the understanding

dynamical behaviour of the system at the molecular level i.e.

molecular dynamics of the system.1 The substantial development in

instrumentation and spectroscopic techniques has created a need

for the development of theoretical methods to provide proper

description of molecular dynamics. There are many theoretical

methods developed till date for molecular dynamics studies. The

standard approaches for obtaining such dynamics are (a) classical

trajectory methods (b) semi-classical methods and (c) quantum

mechanical methods.

Quantum effects such as the influence of zero point

motion and the tunneling effect etc. are extremely important for

certain dynamical events at the molecular level. Classical and

semiclassical methods cannot always provide a proper description

of such processes. In this context, several quantum mechanical

approaches have been developed for describing the dynamics of many

particle systems.2 One can obtain the quantum dynamics in two

ways: one is the time-independent approach and the other

time-dependent approach. Basically the time-independent or the

time-dependent Schroedinger equation is solved respectively in

the time-independent and time-dependent approaches.

The time-independent approaches4 require all the

eigenvalues and eigenstates of the hamiltonian of the system

considered and hence involve the construction and diagonalisation

of large matrices. In certain conditions the time-dependent

approaches are computationally faster. They are initial value



problems and so are often easier to implement. They are becoming

increasingly popular due to their applicability to non-fully

resolved experiments such as low resolution absorption, Raman

spectroscopy and scattering. The other important processes in

which the time-dependent approaches are applicable in obtaining

the quantum dynamics are transition state spectroscopy,

intramolecular energy transfer and collision dynamics in molecular

beams. Noteworthy among the advantages these approaches offer are

the ability to treat high level densities and the intuitive

picture they provide for the physical process under study.

Similarly description of externally driven systems requires the

solution of time dependent Schroedinger equation. In relevance to

our work a brief review on time-dependent approaches that are

currently in vogue is presented here.

In the TD approaches the hamiltonian H determines the

time evolution of the system according to the Time-Dependent

Schroedinger Equation (TDSE),

ih a tli /a t = H iii. (l.o.i)

The time evolution of the wave function can also be

represented as

( 1 . 0 . 2 )

( 1 . 0 . 3 )

where U(t,t ) is the evolution operator which describes the

2



evolution of one vector in the Hilbert space into others.

Substituting these equations in TDSE gives

( 1 . 0 . 4 )

Obtaining the dynamics requires the solution of either eq.(1.0.1)

or eq.(1.0.4). Several methods have been discussed in literature

for the purpose. They can be classified broadly as (1)

perturbative, (2) variational and (3) nonperturbative methods.

1.1 PERTURBATIVE APPROACHES

In the perturbative approaches H is generally written as

( 1 . 1 . 1 )

where H is part of the hamiltonian whose solutions are known and

V(t) is the perturbation.

In the time-dependent perturbative methods, the

evolution operator form of TDSE (eq.(1.0.4)) is considered and U

is expanded as a power series in V. Depending on the construction

of U(t,t ) these approaches can be subdivided into: (1) Dyson

perturbation theory,6'7 (2) exponential perturbation theory,8"16

(3) degenerate perturbation theory.17"19 In addition, it is

possible to use either stationary basis or dynamical basis20'21 to

define the Hilbert space of interest.

3



1.1.1 Dyson Perturbation Theory:

Using the solutions of H the wave function and the

operators of the Hilbert space can be written down in a

interaction picture frame. In the interaction picture the wave

function is written as exp(-iH t) ̂ (t) and the interaction

hamiltonian is written as

H, = exp(iHot) V(t) exp(-iHQt). (1.1.2)

In this picture the evolution operator is denoted by U . The TDSE

in this representation is

ih a ut(t,to) /a t = EJVl{t,t0). (1.1.3)

U is now expanded as a power series of H

This expansion is termed as Feynman-Dyson expansion.

The second term onwards correspond to first, second and so on

ordered solutions of eq.(1.1.3). The power series in H (t)
(0)

converge more rapidly the closer U (t,t ) is to U (t,t ) . The

calculation of higher order expansions become increasingly

complicated and so one is constrained to stop at the lower order

approximations.

4

(1.1.4a)

(1.1.4b)



This conventional perturbation theory has certain

practical disadvantages. For example any truncated expansion to

the evolution operator is not unitary and this method is reliable

only for small times and weak perturbations. Alternative

expansions to the evolution operator which produce unitary

approximations to V at the truncated levels are thus preferable.

1.1.2 Exponential Perturbation Theory:

Exponential form to the evolution operator is very

convenient to define unitary approximations. Two such expansions

which posit an exponential form to the evolution operator are the

Magnus8'9 and Fer9'16 expansions. Of these two expansions Magnus

expansion have been extensively applied.

In Magnus expansion8'9 U (t,t ) is expanded as

(1.1.5a)

The operator A is chosen as anti-hermitian to produce unitary

approximation to U . In this expansion A is an infinite series in

which the n th term is a sum of integrals of n-fold multiple

commutators of H (t) . For example, the first few terms in A are9

(i.i.5b)

(1.1.5c)

5



The Magnus expansion can be reduced to a simplified form

when the hamiltonian is expressible in terms of the generators

G. of a finite dimensional Lie algebra L.

In this case the exponent A must also be a linear combination of

the Lie elements,

By applying closure property of the generators of Lie algebra and

simplifying, the Magnus expansion reduces into a set of nonlinear

differential equations in A . In the Fer expansion9'16 the

evolution operator is written in the form

The recursive solutions to S are obtained as in Magnus expansion.

There are several applications of Magnus expansion.

Important among them are applications to NMR and optical

spectroscopy.10 Scheck et al.11 and others applied this theory to

high order molecular multi-photon excitation and noted that Magnus

( 1 . 1 . 5 d )

( 1 . 1 . 6 a )

( 1 . 1 . 6 b )

( 1 . 1 . 7 )

( 1 . 1 . 8 )

6



expansion provides a practical method to go beyond the Rotating

Wave Approximation (RWA). Cross12 has studied rotationally

inelastic scattering using second order Magnus expansion with a

classical correction to the inelastic part and the results are in

good agreement with the accurate results.

Several authors have discussed the convergence of Magnus

expansion.8'13 Pechukas and Light8'' discussed about the

convergence of Magnus expansion in the impulse limit. The first

term in the Magnus expansion suffices provided the perturbation is

infinitely brief and infinitely strong. Applications to

harmonically driven two-level system, two level system in a

rotating field and a multiple pulse model by Salzman13 showed that

Magnus expansion in Schroedinger picture diverges. Several of the

applications in interaction picture faced no divergence

problems.13 The main drawbacks of the Magnus expansion are the

equations for the generators A obtained from eg.(1.1.3) are

infinite order polynomials. Under certain exotic conditions, the

existence of the solution itself is doubtful.8'8''14

1.1.3 Degenerate Perturbation Theory:

An inherent weakness of any pertubation expansion is

that when two or more states interact strongly, the pertubation

expansion either diverges or converge very slowly to be of any

practical use. To deal with such situations quasi-degenerate

pertubation theories have been developed. In these theories the

interaction in the subspace M spanned by the strongly interacting

states (called the model space) is treated exactly. The (weaker)

7



couplings between the model space and its complimentary virtual

space are treated by pertubation theory. To this end a wave

operator Q is defined such that

Thus

Jolicard and co workers ' discussed an iterative scheme to

calculate fi and H __ in a self consistent manner. Jolicard18 used

this approach to follow the dynamics of a triatomic molecule in

intense monochromatic fields and found that the method is

dependable.

Another perturbation approach which is used in the study

of dynamical evolution is the Generalized Van Vleck (GW)

perturbation theory.19 It is generally used along with the

Many Mode Floquet theory (MMFT)19<e)'(f>. MMFT converts an

8

and an effective hamiltonian H f f is posited to generate the model

space dynamics.

(1.1.12)

(1.1.12)

Here P is the projection operator onto the model space M. The

wave onerator is now obtained from nQrtubatinn theorv

(1.1.9)

(1.1.10)

(1.1.11)



N-level time-dependent system exposed to polychromatic fields into

an infinite dimensional time-independent eigenvalue problem. G W

perturbation theory is then used to Block diagonalise this

time-independent hamiltonian19'^' such that the coupling between

the model space and the remainder of the configuration space is

reduced to a desired order. The model space hamiltonian can then

be considered as a total effective hamiltonian to approximately

solve a set of nearly degenerate states. GW perturbation method

can also be used along with the Floquet Liouville Super Matrix

(FLSM) approach for determining the quantum dynamics.

1.1.4. Perturbation theory in dynamical basis sets:

The studies described above use eigenfunctions of some

suitably chosen operator (the unperturbed hamiltonian) as the

basis of the Hilbert space. The convergence of the pertubation

theory depends critically on the choice of the basis set. Several

authors have considered the use of dynamical basis functions to

represent the Hilbert space in recent years. These functions

change in time and are tailored to follow (to the extent possible)

the exact wave packet in time. The details of the construction of

such dynamical basis functions is discussed later in the context

of the variational approaches.

Recamier et al.20 described the time evolution of

linearly driven parametric oscillators using an operator algebra.

They make use of a dynamical basis set expansion and the

vibration-vibration coupling is treated pertubatively.

In recent years another method which employs

Q



perturbative treatment is the Perturbation Corrected

Time-Dependent Self-Consistent Field (PCTDSCF)21 method. This

method when applied to He + H2 vibrationally inelastic collisions

produced results in good agreement with the exact results.

1.2. VARIATIONAL APPROACHES

In the variational approaches, the wave packet is

expanded in terms of a set of basis functions

One can carry out the expansion in eg. (1.2.1) in terms

of either stationary basis functions whose probability

distribution remains constant in time

or in terms of dynamical basis functions where eq.(1.2.3) does not

hold. The major questions to be addressed in this approach are

regarding the representation to be used for the basis vectors and

the time propagation. These are discussed below.
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(1.2.1)

The coefficients C are obtained from the Frenkel variational
n

principle and satisfy

(1.2.2a)

(1.2.2b)

(1.2.3)



1.2.1. Stationary Basis Set Methods:

In these methods the expansion functions x are assumed

to be either the solutions of time-independent hamiltonian or some

functions which do not vary with time. One of the general

approaches for the construction of basis is the variational matrix

representation method. In this x are expanded in terms of an

orthonormal basis of N functions and the variational coefficients

are determined by diagonalisation. The effort in this Variational

Basis Representation (VBR) depends on the complexity of the

hamiltonian matrix evaluation and the size of the matrix

representation required for adequate accuracy. In general the

size of the matrix is large demanding high computational effort

even for slightly larger systems.

Light and co workers suggested a different

representation known as Discrete Variable Representation (DVR)22.

In this representation the approximate solutions are expressed at

a well defined set of coordinate points in a grid space:

where q are quadrature points, w (q) is a weight function and

P (q) is an orthogonal polynomial. The orthogonality and
n

11

where g (q) are chosen from an orthogonal basis. One way is to
n

use Gaussian Quadrature points of orthogonal polynomials:

(1.2.5)

(1.2.4)



completeness relations are given by

A special case of orthogonal representation is the

Fourier method.23 In this representation the orthogonal functions

gk(q) are chosen as

also the sampling points are considered to be equally spaced

qt = (i-Ddq (1.2.7c)

and L is the length of a conveniently chosen box. The choice of

g (q) in eq.(1.2.6) indicates the periodic boundary conditions.

This representation in conjunction with the Fast Fourier Transform

(FFT)24 algorithm scales the numerical effort semi-linearly with

the phase space volume. This is the main attraction with the

Fourier method representation.

The next step to representation of the wave function is

the representation of operators. The result of hamiltonian

operation on the wave function is the key step for determining the

time evolution. Usually the hamiltonian is considered as the sum

12

where

(1.2.7a)

(1.2.7b)

(1.2.6a)

(1.2.6b)



of potential and kinetic energy operators.

H = T + V. (1.2.8)

As the potential energy operator V is local in

coordinate space, its operation is just a multiplication. But the

kinetic energy operator T is not local in coordinate space. One

way to perform kinetic energy operation on the function x is to
n

transform it to momentum space by FFT, multiplying by T and then

transform it back to coordinate space by inverse FFT. Another way

is to apply Finite-Difference (FD) method.25 By invoking FD

representation to T, operation of T on x gives up to second

order,

More general expressions for infinite order FD have also been

given.26 Even if the T operator is represented in other

coordinate representations like spherical coordinates, the local

representation is possible for the radial part of the operator by

using the Bessel transform. But changing the angular parts into

local representation is very complicated.

Before time propagation one has to set the initial

conditions. The choice is specific for a specific problem. For

bound degrees of freedom usually an eigenstate of the unperturbed

hamiltonian is set equal to the initial condition. For the

translational degree of freedom gaussian wave packet form is the

. 26(a)

common choice.

Mowrey et al. in studying the scattering problems used a

method, which they termed as Close Coupling Wave Packet (CCWP)

13
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method.27 In this method to describe the translation motion they

use wave packet evolution by means of Chebychev expansion and

rotational motion using time-independent coupled Channel

methods.28 The computational effort required for CCWP method is

more than that for Coupled Channel methods but the results are

accurate at least for the scattering problems.

An approach which converts time-dependent periodic

hamiltonians into time-independent hamiltonians is the Floquet

theorem.29 If the hamiltonian is periodic, i.e. H(t+T) • H(t),

according to Floquet theorem there exists a set of Floquet modes

which are particular solutions of the Schroedinger equation with

unique behaviour that the density matrices are periodic. The time

evolution operator U(t+T) is unitary and so in the determination

of its eigenstates no spurious effects are encountered. Floquet

method have been generalized to apply for the nonperiodic

hamiltonians also when the system is considered in the

polychromatic fields.30

One generalization of the Floquet method is the

Quasivibrational Energy (QVE) formalism30 (a> which give

quasivibrational energies. These are useful in determining the

rates of multi-photon dissociation process. Another method which

provide a tool for determining the QVEs is the Complex Scaling

Fourier Grid hamiltonian (CSFGH) method developed by Chu.30""'

1.2.2. Dynamical Basis Set Methods:

In these methods the basis functions x follow the wave
n

packet \ji moves through space.

14



The functions x are taken to be the solutions of some reference

time-dependent Schroedinger equation

(1.2.11)

Assuming that x remain orthogonal through out their evolution then

C-coefficients are given by

The basic premise in the use of dynamical basis sets is that if H

is judiciously chosen such that H-H is small then the expansion

(1.2.1) requires very few terms for convergence. This feature is

very advantageous when wave packet travels long distances

especially for many body systems.

The important methods which provide dynamic

representation are the Gaussian Wave Packet (GWP) methods, time

dependent self consistent field (TDSCF) method and the

Lie-algebraic methods. In the following sections we discuss these

methods.

1.2.2a. Gaussian Wave packet Propagation methods:31

GWP methods are developed and extensively applied by

Heller.31'32 The main feature of GWP is that the wave function is

parameterized as a complex traveling gaussian of the form

15

( 1 . 2 . 1 0 )

( 1 . 2 . 1 2 )



The eq. (1.2.14), eq.(1.2.15) are the classical Hamilton

equations of motion for the system concerned and hence Heller

referred this method as semiclassical GWP method. This method is

exact only for harmonic potentials. It becomes an approximation

for anhannonic potentials as the wave packet form does not remain

as gaussian during propagation for these potentials. This method

is also known as Thawed Gaussian Approximation (TGA).

Heller suggested an approximation over GWP which reduces

the computational effort considerably. This is obtained by

freezing the widths of the wave packet during the propagation and

1G

where q̂ , pt are the expectation values of the position and

momentum. a is the width parameter and y is the phase of the

wave packet. The potential in the hamiltonian is expanded as a

Taylor's series around q and terms beyond second order are

neglected. This is known as Locally Harmonic Approximation (LHA).

Substituting 0(q,t) in TDSE and comparing the coefficients of like

powers of q-q gives the equations of motion

(1.2.24)

(1.2.14

(1.2.15)

(1.2.16)

(1.2.17)



where n is the nth order Hermite Polynomial H and a and k are
n n t

the normalization constant and width parameter. Substituting the

eqs. (1.2.18) and (1.2.19) in TDSE results in the equations of

motion for the parameters q̂ , pt, a^ and ŷ .

Another extension to GWP is the Generalized Gaussian

Wave Packet Dynamics (GGWPD).35 This method is an extension of

GWP into complex phase space retaining time as real. This method

does not restrict wave packet to be gaussian through out the

propagation unlike GWP. Moreover classically forbidden regions

can be explored using GGWPD. By using the symmetrized

17

is known as Frozen Gaussian Approximation (FGA).

Coalson and Karplus34 and Lee and Heller31 extended this

method to obtain formally exact solution for multi-dimensional

quantum mechanical problems involving anharmonic potentials. They

invoke a time-dependent basis set of travelling harmonic

oscillator eigenfunctions, with the width parameter controlled by

local hessian as in GWP. The potential energy is expanded in

Taylor's series and terms up to nth order are retained. The wave

function is parameterized as

(1.2.18)

The gaussian form is assumed for exp[(g(q,t)]. The functions

f(q,t) are expanded as

(1.2.19)



trajectories the norm is conserved even for a superposition of

gaussians. The accuracy of the results are improved over GWP.

GWP has been extensively used in determining variety of

dynamics36 such as scattering, photodissociation process, etc..

The qualitative description is good in all the applications. In

the application of GWP in conjunction with time-dependent

variational principle ' even quantitative accuracy was obtained

for some applications.

The errors in these semiclassical GWP methods increase

faster than linearly with time and so the semiclassical

description may not be adequate for the systems which require the

wave packet to travel longer distances. To avoid such situations

Huber and Heller proposed Hybrid mechanics.39 In this method the

seniclassical description is used to construct the quantum

mechanical time propagator for a finite time step, then using this

propagator the evolution of the system is determined quantum

mechanically for longer times.

1.2.2b. Time-Dependent Self-Consistent Field Methods:40"60

TDSCF method is often referred as Time-Dependent Hartree

(TDH) method. The computational effort scales linearly with

number of modes in the system and so even the many mode system

dynamics can be attempted to study using this method. It has been

suggested40 in the early days of quantum mechanics itself but its

exploration appeared much latter. The early applications41 were

to study the excitation spectra of multi-electron systems,

dynamics of nuclear reactions such as fission, fragmentation and

compound nucleus formation etc.. Heller42' ' discussed TDSCF in

18



the context of time dependent variational principle. Harris421

discussed first in the context of vibrational spectroscopy. Quite

a number of studies on TDSCF appeared in recent years.

Each mode in the system is formally separated in the

TDSCF method and is governed by time-dependent average potential

which, is obtained by averaging the full potential over all the

other modes. To this end the wave function is expanded as a

single Hartree product of each mode function

where N is the number of degrees of freedom in the system

concerned. Writing hamiltonian for the system in simple form

with T , the kinetic energy of the ith mode and V is the potential

energy. By invoking the variational principle <5|/i |H-id/dt |<fr>=0,

the SCF equations are obtained as

and

19

(1.2.20)

(1.2.21)

(1.2.22)

(1.2.23)

(1.2.24)

The TDSCF ith mode hamiltonian is

where



The single-mode description of TDSCF is represented by eq.

(1.2.23) with each mode having its own hamiltonian. Here the tine

evolution of the system is governed by the time-dependent SCF

potential (eq. (1.2.25)) and the evolution of the ith mode depends

indirectly on the other modes through this average potential.

The TDSCF method conserves the total energy of the

system, i. e.

a/at <\i>\H\ip> = o. (1.2.26)

This property is important for energy transfer studies. The norm

of the wave function is also conserved in this formulation as the

hermiticity of the hamiltonian is not affected.

From studies of nuclear dynamics it was found that TDSCF

suffer from spurious state problem due to the

restrictions imposed on the wave packet. Methods have proposed to

eliminate this problem.41 c Average properties such as

dissociation life times, single-mode energy distribution are

predicted well, where as correlation between states or state to

state transition probabilities are badly reproduced by TDSCF as

expected.

Gerber et al.43 developed different versions of TDSCF.

In the fully quantum mechanical version of the method the

functions <t> (q,t) are expanded in terms of eigenstates u^(q ) of

the bare mode hamiltonian h,(q,)

20
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where energies ĉ  are eigenvalues of h (q ) and C y are unknown

coefficients. Substitution of eq.(1.2.27) in the TDSE results in

the standard set of coupled first order differential equations for

C . The TDSCF potentials then appear in the form

Buch et al.44 have explored the utility of the classical

limit of TDSCF. In the self-consistent trajectory bundles

approach the average potential may be written in terms of

trajectories:

The q**' (t) trajectory is calculated from TDSCF nth mode

hamiltonian labelled by A and N^ is the number of trajectories

employed. The trajectory equations for the q (t) in

correspondence with single-mode TDSCF Schroedinger equation

(eq.1.2.22) appear as
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(1.2.31)

(1.2.28)

(1.2.29)
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Here hSCF is classical analog of eq.(1.2.23). In this scheme N.N^

equations are needed to solve the system.

Application of TDSCF in the classical limit to

dissociation dynamics of several van der Waals complexes by Buch

et al.** showed that it works well for both weak and strong

coupling dissociation dynamics in semi-quantitative way in

accordance with the experimental and quantum mechanical results.

The convergence of the results of TDSCF method depends

on the choice of the coordinates. This generally done by physical

intuition or by looking for the natural separability of the modes.

It is proved that the optimized coordinates produce better

results. The main draw back of the TDSCF is that important

correlations between various modes are left out, which describe

many important chemical processes. Hence TDSCF fails in

determining the long time dynamics, i.e. when the correlations

become significant. Attempts have made to correct for these

correlations at the same time retaining the simplicity of the

mean-field description.

The Time-Dependent Rotated Hartree (TDRH) method

developed by Cederbaum et al.54'55 is one of the extended versions

of TDSCF method. In this method inclusion of time-dependent

unitary operators acting on the Hartree product made possible the

description of correlations between various degrees of freedom to

a limited form. In this approximation the exact wave function is

written as

where
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(1.2.33)

Uk is considered as unitary and so a are real parameters and Ak

are hermitian operators. The operator U is chosen such that it

involve all possible operators which cause the mixing of different

degrees of freedom. This made possible the inclusion of

correlations to certain extent. The ansatz (1.2.32) is termed as

TDRH wave function as Uk describe the generalized rotations.

By employing Lagrange variational principle on TDSE, the

equation to be solved is37

or by employing McLachlan variation principle37

Substitution of eq.(1.2.32) and eq.(1.2.33) in these equations

yield the equations for <p ar>d o^. The SCF equations for <p

obtained by both the variational principles are the same but for

the parameters they are different.

The application of the approach to a model coupled

oscillators54'ss showed better converged results than TDSCF

method. The computational effort involved in TDRH is slightly

more than that involved in TDSCF method but when compared to basis

set calculation it is very low.

To account for the important correlations one can add

configurations to TDSCF as suggested by Makri and Miller56 which
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(1.2.34)
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is termed as Multi-Configuration Time-Dependent Self-consistent

field (MCTDSCF) method. This description allow more flexibility

in the wave function which makes it possible to incorporate of

the important correlations. Latter on Meyer et al.57 ' derived

relatively simple equations for n degree of freedom system with m

configurations. They write the approximate time-dependent

multi-configuration trial wave function in the form

where m are the number of single particle functions which build

up the respective modes, n is the number of modes in the system.

To eliminate the redundant configurations the condition m s
n

H D is imposed. The single particle functions are assumed to
1 = 1 '

be orthogonal at any time:
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(1.2.37)

(1.2.38)

(1.2.39)

The appearance of redundant configurations also require the

condition

(k) (It)

Defining the matrices A and <p to make the equations look

simpler

( 1 . 2 . 3 6 )



invoking the Dirac-Frenkel variation principle and the conditions

eq. (1.2.37) and eq. (1.2.38) the working equations look as

(1.2.41)

(1.2.42)

The application of MCTDSCF to a model coupled oscillators by Meyer

et al. and other applications57'58 showed good convergence.

Another version to MCTDSCF is TDHG-CI.59 The strategies

in the two theories are similar but they differ in detail. In

MCTDSCF each basis function in each coordinate for every mode is

individually optimized self-consistently with the evolution of

superposition coefficients. In TDHG-CI, using McLachlan

Variation, a global effective potential is constructed to guide

all the travelling basis functions. Once the basis set is

constructed, the configuration interaction phase is carried out in

the complete basis. Application of this strategy to collinear

inelastic atom-Morse oscillator scattering59 showed that it works

well for obtaining the dynamics of many body quantum systems.

In a very recent article Vekhtar et al.60 suggested

TDSCF2-CI approach which has the advantages of Pair correlations

and of configuration interaction. They write 0 as

(1.2.40)

(1.2.43)
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where (<x,£) is a mode pair whose interaction has to be exactly

treated. The equations for other modes are the same as in the

TDSCF method. But the potential for these methods looks as

The correlated pair is chosen differently in each of the N(N-l)/2

configurations.

1.2.2c. The Lie-Algebraic construction of dynamical basis:61

Micha and co workers have applied the Lie algebraic

method to study the atom - diatom and diatom - diatom collisions.

They expand the interaction potential in Taylor series and

truncate at quadratic level so that the finite dimensional

quadratic Lie algebra can be used to construct a reference

evolution operator to propagate the dynamical basis functions.

The elements q2, qp+pq, pz, q, p in this order are contained in

the Lie algebraic structure. The interaction picture hamiltonian

is then written in terms of the elements of the algebra, X which

are closed under commutation:

The reference evolution operator is then constructed as

( 1 . 2 . 4 4 )

( 1 . 2 . 5 4 )

( 1 . 2 . 5 5 )
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Substituting U and H in TDSE and using Hausdorf expansion

results in the governing equations for a (t) . In the case of
n

diatom-diatom collisions, part of the interaction potential is not

closed under commutation and so the algebra becomes slightly

complicated. To solve this residual coupling they use the

perturbation theory.

Benjamin62 formulated a semiclassical algebraic theory

in which the vibrational motion is described quantum mechanically

using an appropriate algebra and the translational motion is

described by classical equations of motion. For the Lie-algebraic

structure when the full quadratic algebra is used he termed the

method as Quadratically Driven Parametric Oscillator (QDPO)

method. In a different approximation the quadratic terms are

neglected and the method is termed the Linearly Driven Parametric

Oscillator (LDPO) method. In another approximation a canonical

transformation is performed such that it eliminates the effect of

quadratic elements and the approach is termed as Qudratically

Driven Scaled oscillator (QDSO). Application was made to atom -

diatom and diatom - diatom collisions and the values are in good

agreement with exact quantum mechanical results and the

computational effort is comparatively low.

The role of time varying frequency in the vibrational

transition of a nonlinearly driven oscillator is studied by Shin63

using Lie algebraic method. The Lie algebraic structure contains

the set { a+a, a+ , a , a }. The transition probabilities are

computed over wide range of collision energies to study the effect

of time-dependent frequency.

Gilmore and Yuan64 have studied vibrational
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translational interaction and computed the scattering matrix

elements using this approach. They use group theoretic root space

diagram to construct the evolution operator, the double photon

algebra which is the sub algebra of C representation was used.

Th,e evolution operator in terms of a and a is then looks as

(1.2.57)

(1.2.56)

where r, R, TJ ,5, 1, L are time-dependent functions. The

convergence of the transition probabilities encouraged the

extension of the method to complicated systems.

Shi and Rabitz studied a parametric amplifier and

collinear collision of an atom with a Morse oscillator using a

variational Lie algebraic formalism. In the study of parametric

was used to construct the evolution operator. In the relatively

complicated system of collinear collision of an atom with Morse

oscillator only the relative motion was treated semiclassically

using the Lie-algebraic method. The Morse oscillator part of the

hamiltonian was solved by basis set expansion in Morse basis.

Kucar and Meyer solve TDSE using the dynamical basis

set. In determining the time dependence of the basis set they

utilize the Lie-algebraic structure to construct the evolution

operator. The time-dependent basis {x (q,t) } is defined as

amplifier the algebraic set
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where the operator set (1, q, p, q2, (qp+pq) , H } forms a Lie

algebra. The working equations are derived for a multi-

dimensional system. The system is well represented in the time-

dependent basis but the problem is that the differential equations

to be solved may become stiff in the course of the time

propagation.

Echave et al.67 have applied the Lie-algebraic theory to

build the interaction potential in the intermediate picture and

used it to calculate the physical observables. They write the

TDSE in terms of H and U as
eff eff
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(1.2.61)

(1.2.60)

(1.2.59)

(1.2.58)

where a^ represents a real parameter and the generator Ak is a

hermitian operator. The wave function $(q, t) is then expanded in

this basis as

Keeping in view that the generators Ak form a Lie algebra, the

evolution operator is constructed as

where



The wave function is then represented as

They write the equation for the <p (t) as

H is expanded as

where {x , x , ... x ) is a set of hermitian operators. The

formation of H matrix is facilitated by defining

The time-dependent matrix elements G satisfy linear equations of

motion. Another matrix F is defined such that
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where H is defined in terms of H and U

(1.2.62)

(1.2.63a)

(1.2.63b)

(1.2.64)

(1.2.65)

(1.2.66)

(1.2.67)



The matrix G satisfy the equation

The working equations are eq.(1.2.63), (1.2.64) and eq.(1.2.68).

An application was made to study the VT transfer in He - H2

collisions.

An application of algebraic theory to determine the

photodissociation dynamics of CH I was made by Someda et al.68

They define the evolution operator as

where (X , X , ...X } form a Lie algebra. The coefficients TJ are

determined by employing Dirac- Frenckel time-dependent variational

principle.

Recently Lin et al.69 analyzed the molecule-surface

collisions of 4He and 3He on the (001) face of LiF crystal using

Lie-algebraic method. They have used the six dimensional algebra

which contains the elements I, a, a, a a , a , a to construct

the evolution operator.

1.2.3 Integration Schemes:

The propagation of wave function in time requires the

construction of evolution operator. The formal solution to U in

eq.(1.0.4 ) is

U = exp(-iHt/h). (1.2.70)
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The construction of evolution operator in this way is generally

impossible as the exponentiation of the hamiltonian is a

complicated job. To simplify the construction of evolution

operator one can expand the above expression in Taylor's series

and truncate the expansion after few terms. The simplest is to

write

U = 1 - iHdt/h. (1.2.71)

This approximation to the evolution operator in

conjunction with finite difference formula for the second

derivative of the coordinate in the kinetic energy operator

provide an explicit integration scheme. This scheme is known as

the crude Euler method. This explicit scheme is known to be

unstable as it does not conserve the time reversal symmetry of the

Schroedinger equation.

McCullough and Wyatt used Crank-Nicholson

approximation to the evolution operator. In this approach U is

approximated as

This approximation provides an implicit integration scheme along

with finite difference formula for kinetic energy operator. In

implicit integration scheme a system of equations need to be

solved. While stable it requires high computational effort

because it involves inversion of matrices.

A stable integration scheme was developed by Askar and
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Cakmak71 in which they use the symmetric relation

^(t+dt) - 0(t-dt) - [exp(-iHdt/h) - exp(iHdt/h)] tfi(t). (1.2.73)

Expanding the above two exponential terms in Taylor's series and

truncating it after two terms results in the explicit second order

differencing propagation scheme

This scheme preserves norm and energy if the hamiltonian operator

is hermitian. This energy and norm conservation accumulates error

in the phase. This becomes significant after certain steps of

time propagation.5 This is the propagation scheme used in many

applications of the finite difference and Fourier methods.72

Formulae for higher order schemes were discussed by Manthe and

Koppel.73

Fiet and Fleck developed a split time propagation

scheme.7* In this the evolution operator in eq. (1.2.70) is split

into two operators in which one consists of potential energy

operator and the other kinetic energy operator. These two

operators propagate the wave function separately.

exp(-iHdt/h) • exp(-iTdt/2h) exp(-ivdt/h) x

exp(-iTdt/2h). (1.2.75)

This method is used generally in conjunction with FFT. In this

method norm is conserved as each split time evolution operator is
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0(t+dt) = 0(t-dt) - (2iHdt/h) 0(t). (1.2.74)



unitary, but error accumulates due to non commutability of kinetic

and potential energy operators.

In these short time propagation schemes error

accumulation is inevitable somewhere in the time propagation. For

the time-independent hamiltonians one can define a global

propagator in which a polynomial expansion is used for the

evolution operator.

(1.2.76)

Here <p are elements of some orthogonal polynomial set. Chebychev

and Lanczos schemes have been shown to provide good expansions for

these global propagator schemes. In the Chebychev scheme23*1 <p
n

are the complex Chebychev polynomials. The determination of

propagated wave function in this scheme requires the operation

<p (-iH), which can be calculated using the Chebychev recursion
n

formula,

The error accumulation is minimal in this scheme and it is

uniformly distributed on all the eigenvalues and so the Chebychev

polynomial expansion is optimal for the global propagators.

In the Lanczos scheme75 the recurrence relation for
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(1.2.78)

where



(3 is obtained from the normalization condition

The error accumulation is not uniform in this scheme and hence

requires the stabilization procedures.5

These two schemes are independent of the representation

of the wave function. In these global evolution methods no

intermediate results are obtained. One can split the propagation

into smaller intervals in order to get the intermediate values but

large increase in the number of intervals make the approach

inefficient. In many applications, Chebychev ' and Lanczos

recurrence schemes have been used for time propagation.

To deal with N-level systems a simple computational

technique called as time-slicer has been suggested by Hirschfelder

et al.37 In this procedure the time-dependent hamiltonian is

approximated by a sequence of time-independent hamiltonians. At

nth period H(t) is approximated by a constant hamiltonian (for a

very small time period) H(n), which can be written as

Since this technique does not require hamiltonian to be hermitian

the effects of natural lifetimes and the other relaxation

parameters which we generally encounter in Electron Spin Resonance

(ESR) and Nuclear Magnetic Resonance (NMR) applications can be

( 1 . 2 . 7 9 )

( 1 . 2 . 8 0 )

( 1 . 2 . 8 1 )

35



determined. The time-slicer method is a simple and efficient

numerical procedure for the solution of both linear and nonlinear

sets of coupled first and second order differential equations.

1.3. NON-PERTUBATIVE APPROACHES

In this section we discuss three non-pertubative and

non-variational methods: the construction of the evolution

operator by Lie-algebraic methods, the time-dependent coupled

cluster method (TDCCM) and by the path integral approach.

1.3.1. Lie-algebraic construction of U:80

As noted earlier, the Lie-algebraic methods have been

mostly used to define dynamical basis set representation. However

they can be used to construct the exact time evolution operator

also. The algebraic approaches are developed on the realization

that when the hamiltonian is an element of a Lie algebra, then the

time evolution operator can be written as an exponential of a

general linear combination of the elements of the algebra. The

hamiltonian is expressible as

where all the operators A^ belong to the set L that is closed

under commutation
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The time evolution operator can then be written as an exponential

of a general linear combination of all the operators of the

algebra,9 i.e.

alternatively in the Wei-Norman product form as

The variables a are time-dependent coefficients of the generators

of the evolution operator. The governing equations for these

coefficients are obtained by appealing to the TDSE (eq.(1.0.4)).

One can chose perturbative Magnus expansion8 method or any

nonperturbative approach80 to construct the evolution operator.

The algebraic approach is practical particularly when

the concerned Lie algebra is finite dimensional. In that case the

number of variables required to define the evolution operator are

finite even if the system is considered in an infinite dimensional

Hilbert space. Harmonic oscillator algebra is a finite

dimensional algebra and is commonly used in the construction of

the evolution operator for the quadratic hamiltonians which are

elements of this algebra. Projection operator algebra is another

algebra which is finite dimensional. The solution for the

coefficients a is not trivial if the algebra is not semisimple.
n

A subset S of a Lie algebra L is called a subalgebra if it is

closed under commutation, addition and multiplication by a scalar.

A subalgebra S is called an ideal if all the commutators [X, Y] of
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X € S and Y e L is in S. The union of all the solvable ideals is

called the radical, where the union of two ideals is again a

solvable ideal. An algebra is said to be semisimple if its

radical is {0}. An algebra is said to be simple if it has no

ideal other than L and {0}, and if the derived algebra (the set of

the elements of L which are the result of the commutation of the

two Lie elements) L not equal to (0).

If the evolution operator is considered in the

Wei-Norman product form80 as in eq.(1.3.4) the global solutions

are possible in a number of cases, for example when the Lie

algebra to which the hamiltonian belongs is a solvable algebra.

It has also been proved that if the Lie algebra from which the

evolution operator is constructed is not a simple algebra then the

equations of motion for the different sets of coefficients are

decoupled.80'81

Wolf and Korsch81 developed a theory utilizing the

Levi-Malcev decomposition of finite dimensional Lie algebras and

the Wei-Norman representation to the evolution operator for the

application of time-dependent quantum systems. Levi-Malcev

theorem states that every finite dimensional algebra L is the

semidirect sum of its unique radical (i.e. the maximal solvable

ideal), R and semisimple algebra S isomorphic to the factor

algebra L/R. From this theorem the eq. (1.0.4) can be decomposed

as

where
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(1.3.5)

(1.3.6)

and



U is then written in a product form

From the theorem which states that every finite

dimensional semisimple Lie algebra S can be uniquely decomposed

into a direct sum of simple ideals

it is found that the effort in finding U can be reduced by

writing U as

In this way the problem is reduced to solving the smaller

subordinate problems and U is factored and written in the Wei-

Korman product form. The advantage in writing this form is that

for solvable algebras, there exists an ordering of the basis for

80

which the product form gives the global solution.

Alhassid and Levine82 developed a Lie-algebraic approach

with

(1.3.10)

(1.3.11a)

(1.3.11b)

(1.3.11c)

(1 .3 .9)

(1 .3 .8)

(1 .3 .7)
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to solve the dynamics in any general system. In their formalism

for a specific application of linearly displaced harmonic

oscillator the evolution operator is constructed as the

exponential of the linear combination of the elements of six

dimensional quadratic Lie algebra.

1.3.2 The time-dependent coupled cluster method:83

The time dependent coupled cluster method is a time

dependent generalization of coupled cluster theory of Coetser and

Kuemmel.83 The feature of CCM is that the evolution operator U is

written as an exponential of the cluster operator S.

The cluster operator is then expanded in terms of one, two,...

body excitation operators. The equations for S are obtained by

projecting on to the Schroedinger equation. In the TDCCM the

cluster operators S are chosen to be time-dependent

The TDCCM equations are obtained from projecting the wave function
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(1.3.15)

(1.3.12)

(1.3.13)

(1.3.14)

and the wave function is given by



on to the TDSE and left multiplying with exp(-S)

ih exp(-S) (d/dt) exp(S) = exp(-S) H exp(S). (1.3.16)

The expression exp(-S) (d/dt)exp (S) is usually determined by using

Hausdorf expansion,

exp(-S) (d/dt) exp(S) = d/dt + S + 1/2! [S, S] + ... (1.3.17)

This time-dependent generalization to CCM is first

suggested by Hoodbhoy and Negele84 and by Schoenhammer and

85

Gunnersson. Hoodbhoy and Negele employed TDCCM for determining

the nuclear dynamics. Specifically truncations appropriate to

strongly repulsive cores were discussed. The system they

considered consists of n-particle and n-hole states. The wave

function is written as
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(1.3.18)

(1.3.19a)

(1.3.19b)

Using eq. (1.3.16) the following equations emerge

(1.3.19c)



where p and h are occupied and unoccupied states. Writing Sn(t)

in arbitrary time-dependent basis

Schoenhammer and Gunnerson85 applied TDCCM to obtain the

core - level spectra of adsorbed atoms and molecules taking the

coulomb repulsion in the adsorbate valence level into account.

They define \<p(t)> as

where N(t) is the normalization factor. The working equations are

obtained by using eq.(1.3.15), eq. (1.3.16) and eq. (1.3.17):
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(1.3.19d)

(1.3.21)

and

The time derivative terms of eq.(1.3.19) becomes

(1.3.22)

(1.3.23)

(1.3.24a)



a n d

where a+ and a are the creation and annihilation operators and

s and s are the numerical amplitudes. The time dependence of
ph ph

the cluster operators S and S are established by using
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Eqs. (1.3.24) are n coupled nonlinear differential equations.

When H contains m-body interactions, the n number of equations can

be truncated after m. For the system of noninteracting electrons

the equation reduces to single nonlinear differential equation and

it is the exact solution for the problem.

Arponen introduced a biexponential form to the

evolution operator in the coupled cluster framework. Expectation

values are easily obtained in this formalism. The usual exp(S) is

written as exp(S)exp(S ), where S and S are the excitation and

deexcitation operators respectively. | \JJ> and <i/t | are then

defined by

(1.3.24b)

(1.3.24c)

(1.3.25a)

(1.3.25b)

(1.3.25c)

(1.3.25d)

where



The TDSE equations for the bra and ket states are obtained by

requiring A to be stationary with respect to arbitrary variations

of \ji (t) and 0 (t) respectively. In the exp(S) form of writing

44

(1.3.26)

time-dependent variational principle. A functional A is

constructed such that

The normalization is performed by requiring

(1.3.28a)

(1.3.28b)

(1.3.29a)

(1.3.29b)

Here

The partial integration of eq. (1.3.28a) yields the equations of

motion for the cluster amplitudes S and S :

= 1. Thus

(1.3.27)



This approach is restricted to systems represented by single

-reference function at t=0. Extension to multi-reference systems

is not trivial.

The TDCCM has been employed by Sebastian87 to study the

ion neutralization scattering. In this system the ion is such

that it has a closed shell structure with one empty orbital

outside the shell, which can take up at the most two electrons

from the metal surface. The S operator is defined as a linear

combination of all possible single particle - hole excitation

operators and S as a linear combination of all two particle-hole

excitation operators, which transfer two electrons to the orbital

of the ion from the solid. The cluster operators S for n > 2 are

neglected. For treating an ion which leaves the surface the TDCCM

is a better alternative where the time-dependant Hartree Fock

(TDHF) fails.

88

Durga Prasad has developed TDCCM theory to calculate

molecular absorption spectra of systems on multi dimensional

anharmonic surfaces. The calculation involves the evolution of

the door way state | <t> > under the influence of the vibrational

hamiltonian of the upper surface H . The molecular hamiltonian is

represented as

where a is the index of the electronic state, Eff is the vertical
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excitation energy. w are the frequencies and V etc. are the

various anharmonicity constants. a and a are the creation and

annihilation operators of the Ith mode. The doorway state is

approximated by

because the anharmonicities rarely effect the vibration less

state, where |0> is the vacuum state for the operator a .

where

and etc. The S is a complex scalar.

The time evolution of the state |0> is given by

(1.3.31a)

(1.3.31b)

The Wei - Norman product form is assumed for the evolution

operator. Writing it in the normal order form and eliminating the

operators which give zero acting on |0>, the evolution operator is

given by

(1.3.32)

(1.3.33a)

(1.3.33b)

(1.3.34)

The equations for the cluster amplitudes Sj etc. are obtained by
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These are a set of coupled nonlinear differential equations to be

integrated by subjecting to the initial conditions

The Fourier transform of exp(So) gives the molecular absorption

spectra.

Very recently Sastry et al.89 developed a Lie algebraic

approach for the construction of evolution operator on anharmonic

potential energy surfaces without invoking any basis sets at any

stage of its construction. They have constructed the evolution

operator using boson ladder operators. Application to atom-diatom

collisions proved the validity of the theory. Sastry et al.90

have also studied the photodissociation process using TDCCM in the

boson representation formalism.

A multi-reference TDCCM has been employed by Guha and

Mukherjee.91 They generalize the effective hamiltonian theory to

encompass the nonstationary situation in the TDCCM formalism. A

set of nonstationary states at some initial time t are defined by

where <p are a set of quasi degenerate strongly interacting
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(1.3.36)

(1.3.35c)

(1.3.35a)

(1.3.35b)

appealing to TDSE and by projecting on to the different excited

states.

where



where U^ is the model space evolution operator and U brings the

admixture of complimentary space function. U satisfies the
M

equation

and

Here H is the model space time-dependent effective hamiltonian.

Using the above relations the equation for U is written as

with H defined by

(1.3.41)

The evolution U0P is governed by

48

functions spanning the model space. 0° evolve in time according

to

with U satisfying eq.(1.0.4). The evolution operator U is

factorized as

(1.3.38)

(1.3.39)

(1.3.40)

(1.3.42)

(1.3.43)



Here X is a closed cluster operator written in the normal order

and S are the external operators U and U are taken to be
M GX

normally ordered exponential ansatze (denoted by the braces in

eq.(1.3.54)). The hamiltonian of the system is considered as

where h (t) are time-dependent matrix elements and 1 are suitable

creation and annihilation operators defined in the Fock space.

The working equations are

Here the notation bar on the expression indicates that they are

connected and curly bracket normal ordering of the operators.

Application to 3 dimensional rotated Harmonic oscillator was

presented.

1.3.3 Path integral based approaches:

In this class of methods the time evolution operator is
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(1.3.44a)

(1.3.44b)

U and U are defined by
M ex •*

(1.3.46a)

(1.3.46b)



For certain classes of systems in which the irrelevant degrees of

freedom can be treated as harmonic bath variables and for certain

types interaction potentials the propagators in eq. (1.3.47) can

be factorised and averaging over the bath variables can be carried

out. Consequently the numerical effort does not scale

exponentially with the number of degrees of freedom. On the

negative side the number of paths increases exponentially with the

number of intermediate states included. However, under some

conditions this approach is more attractive than traditional basis

92

set approach. Makri and co workers used it extensively to study

several model problems. More recently Domcke and co workers93

used a similar approach to study nonadiabatic dynamics in some

model systems.

1.4. SCOPE OF THE PRESENT WORK

As can be seen from the discussion above the various

methods available to date, while being powerful, suffer from some

lacuna or the other. The Dyson perturbation theory for example

generates nonunitary approximation to the evolution operator and

thus might lead to norm violation. The exponential perturbation

theories such as Magnus expansion are subject to questions

regarding the existence of solutions to the working equations. It
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written as the product of several short time propagators.

(1.3.47)



is thus desirable to develop alternative pertubation theories.

The variational methods based on linear basis set

expansions are capable of providing any desired accuracy and are

easy to implement. However, the expansions are slow to converge

and for systems with several degrees of freedom the basis set size

increases exponentially with the number of degrees of freedom in

the system. In addition these approaches do not provide any

intuitive picture of the physical process under study. For

example it is known that the IVR is dominated by the sequence of

overlapping nonlinear resonances. Energy transfer through such

resonances is essentially a two body process. A straight forward

linear basis set expansion does not reflect, or make use of, this

information. It is thus desirable to develop approaches in which

the dynamics of the system can be viewed in terms of the

subsystems in a transparent manner. Development of such

approaches forms the subject matter of our thesis.

The Lie-algebraic construction of the time evolution

operator provides the formal framework for our discussion. We

develop in Chapter II a reduction principle by which the evolution

operator can be written in a non-canonical product form based on

the sub-algebraic structure present in the operator space. The

working equations for the coefficients of different groups of

generators are decoupled in this approach even when the spectrum

generating algebra is simple. This result goes beyond an earlier

principle discussed by Wei and Norman and Wolf and Korsch.81 We

then use this principle to develop a form of degenerate

pertubation theory. The origin of norm violating intruder states

is analyzed. We then present some model studies on an

51



harmonically driven Morse oscillator to assess the convergence

properties of this perturbation theory.

We next explore the sub-algebraic structure present in

the operator set present in the Fock space in Chapter III. The

evolution operator constructed in the Fock space is essentially

the one obtained by the TDCCM using an ordinary exponential

ansatz. It turns out that different sub-algebraic sequences lead

to different versions of CCM. Some of these are explicitly shown.

The CCM is a very popular approach in the electronic

structure theories.95 It is known that the CCM provides highly

accurate approximations even at a low truncations due to its

exponential structure. In Chapter IV we study the dynamics of IVR

in a model hydrocarbon chain to see if the similar many body

structure exists that can be exploited in this class of problems.

It turns out that the TDCCM with a two body cluster operator is

quite accurate up to about four vibrational periods indicating the

utility of TDCCM.

In the next chapter we use TDCCM to follow the dynamics

of an initially prepared state in a coupled two state many mode

system. The hamiltonian is taken from a linear coupling model.96

Unlike the IVR problem studied in Chapter IV this system is not

dominated by resonances. It is known from the earlier studies

that TDSCF provides a good zeroth order description for this

system. We formulate TDCCM in a dynamical basis generated by

TDSCF. The TDCCM at two body level improves upon the TDSCF within

the time period of our study. The last chapter summarizes the

conclusions of our studies.

52



REFERENCES

1. R.D.Levine and R.B.Bernstein, Molecular Reaction Dynamics and

Chemical Reactivity, Oxford University press, 1987.

2. (a) D. J. Thouless, The Quantum-Mechanics of Many-Body

Systems, Acadamic Press, NY, 1972; (b) J. W. Negele, H.

Orlando, Quantum Many Particle Systems, Addison-Wesley, NY,

1988.

3. E. Schroedinger, Ann. Phys. 79, 361 (1926).

4. (a) L. S. Cederbaum and W. Domcke, Advan. Chem. Phys. 36,

205 (1977); (b) R. J. Bartlett, Ann. Rev. Phys. Chem. 32,

359 (1981); (c) D. Mukherjee and S. Pal, Advan. Quantum

Chem. 20, 291 (1988); (d) C.E. Dykstra, S.Y. Liu and D.J.

Malik, Advan. Chem. Phys. 75, 37 (1989).

5. R. Kosloff, J. Phys. Chem., 92, 2087 (1988).

6. A. Messiah, Quantum-Mechanics vol. 2, North-Holland

Publishing company, Amstardam, 1970.

7. P. Roman, Advanced Quantum Theory, Addison-Wesley,

Massachusetts, 1965.

8. (a) W. Magnus, Commun. Pure Appl. Math. 7, 649 (1954); (b)

D. W. Robinson, Helv. Phys. Acta 36, 140 (1963); (c)

P. Pechukas and J. C. Light, J. Chem. Phys. 44, 3897 (1966).

9. R. M. Wilcox, J. Math. Phys. 8, 962 (1967).

10. (a) J. S.Waugh, L.M.Huber and U.Haeberlen, Phys. Rev. Lett.

20, 180 (1968); (b) U.Haeberlen and J.S.Waugh, Phys. Rev

173, 453 (1968); (c) R. A. Marcus, J. Chem. Phys. 52, 3874

(1970); (d) R.P. Saxon and J. C. Light, J. Chem. Phys. 56,

3874 (1972); (e) W. K. Rhim, D.D. Ellenan, L.B. Screiber

53



and R.W. Vaughan, J. Chem. Phys. 60, 4595 (1974); (f) W.S.

Warren and A.H. Zewail, J. Chem. Phys. 69, 3583 (1978).

11. (a) I. Sheck, M.L. Sage and J. Jortner, Chem. Phys. Lett.

63, 230 (1979); (b) I. sheck, J. Jortner and M.L. Sage,

Chem. Phys. 59, 11 (1981); (c) K. F. Milfeld and R. E.

Wyatt, Phys. Rev. A 27, 72 (1983).

12. R. J. Cross, J. Chem. Phys. 79, 1272 (1983).

13. W. R. Salzman, J. Chem. Phys. 82, 822 (1985).

14. (a) W. R. Salzman, Chem. Phys. Lett. 124, 531 (1986); (b)

W. R. Salzman, J. Chem. Phys. 85, 4605 (1986); (c) M. M.

Marciq, J. Chem. Phys. 85, 5167 (1986); 86, 5647 (1987);

(d) M. M. Marciq, Phys. Rev. B 25, 662 (1982).

15. (a) G. Dattoli, J. Gallardo and A. Torre, J. Math. Phys.

27, 772 (1986); (b) G. Campolieti and B. C. Sanctury, J.

Chem. Phys. 87, 4673 (1987).

16. F.Fer, Bull. Cl. Sci. R. Belg. 44, 818 (1958).

17. (a) G. Jolicard and A. Grosjean, Phys. Rev. A 32, 2051

(1985); (b) G. Jolicard, Chem. Phys. 115, 57 (1987); (c)

G. Jolicard and A. Grosjean, J. Chem. Phys. 95, 1920 (1991).

18. (a) G. Jolicard, J. Chem. Phys. 90, 2320 (1989); (b) G.

Jolicard and E. Austin, Chem. Phys. Lett. 180, 503 (1991).

19. (a) J. H. Van Vleck, Phys. Rev. 33, 467 (1929); (b) B.

Kirtman, J. Chem. Phys. 49, 3890 (1968); 75, 798 (1981);

(c) P. R. Certain and J. 0. Hirschfelder, J. Chem. Phys.

52, 5977 (19 ) (d) K. Aravind and J. O. Hirschfelder, J.

Phys. Chem. 88, 4788 (1984); (e) T. S. Ho, S-I. Chu and T.

V. Tietz, Chem. Phys. Lett. 99, 422 (1983); (f) S-I. Chu,

Advan. Chem. Phys. 73, 579 (1989); (g) T. S. Ho and S-I.

54



Chu, Phys. Rev. A31, 659 (1985). (h) T. S.Ho, K. Wang and

8-1. Chu, Phys. Rev. A33, 1798 (1986).

20. J. Racamier, D. A. Micha and B. Gazdy, Chem. Phys. Lett. 119,

383 (1985); J. Chem. Phys. 85, 5093 (1986).

21. R. B. Gerber and R. Alimi, Chem. Phys. Lett. 184, 69 (1991).

22. (a) J. V. Lill, G. A. Parker and J. C. Light, Chem. Phys.

Lett. 89, 483 (1982); (b) J. C. Light, I. P. Hamilton and

J. V. Lill, J. Chem. Phys. 82, 1400 (1985); (c) S. E. Choi

and J. C. Light, J. Chem. Phys. 90, 2593 (1989); (d) R. M.

Whitnell and J. C. Light, J. Chem. Phys. 90, 1774 (1989).

23. (a) D. Kosloff and R. Kosloff, J. Comput. Phys. 52, 35

(1983); (b) R. Kosloff and D.kosloff, J. Chem. Phys. 79,

1823 (1983); (c) R. B. Gerber, A. T. Yinon and R. Kosloff,

Chem. Phys. Lett. 105, 523 (1984); (d) H. Tal-Ezer and R.

Kosloff, J. Chem. Phys. 81, 3967 (1984) ; (e) R. Kosloff

and C. Cerjan, J. Chem. Phys. 81, 3722 (1984).

24. (a) R. N. Bracewell, The Fourier transform and its

applications, 2nd ed. McGraw-Hill, NY, 1978; (b) H. J.

Nussbaumer, Fast Fourier Transform and convolution Algorithms

2nd ed. Springer Verlag, Berlin, 1982.

25. K. S. Miller, An Introduction to Calculas of Finite

Difference and Differencial Equations, Henry Hoet and Co,

NY, 1960.

26. (a) N. Balakrishnan and N. Sathyamurthy, Comput. Phys.

Comun. 63, 209 (1991); (b) D. T. Colbert and W. H. Miller,

J. Chem. Phys. 96, 1982 (1992); (c) V. Szalay, J. Chem.

Phys. 99, 1978 (1993).

27. (a) R. C. Mowrey and D. J. Kouri, Chem. Phys. Lett. 119,

55



285 (1985); J. Chem. Phys. 84, 6466 (1986); (b) D. J.

Kouri and R. C.Mowrey, J. Chem. Phys. 86, 2087, 2441 (1987).

28. (a) D. J. Kouri and R. B. Gerber, Israel J. Chem. 22, 321

(1982); (b) G. Wolken, Jr, J. Chem. Phys. 58, 3047 (1973);

59, 1159 (1973); (c) R. B. Gerber, A. T. Yinon, Y. Shimoni

and D. J. Kouri, J. Chem. Phys. 73, 4397 (1980).

29. (a) J. H. Shirley, Phys. Rev. B 979 (1965); (b) H. Sambe,

Phys. Rev. A 7, 2203 (1973); (c) K. H. Milfeld and R. E.

Wyatt, Phys. Rev. A 27, 72 (1983) ; (d) R. E. Wyatt, G.

Hose and H. S. Taylor, Phys. Rev. A 28, 815 (1983); (e) D.

R. Dion and J. 0. Hirschfelder, Advan. Chem. Phys. 35, 265

(1976) .

30. (a) S. -I. Chu, J. Chem. Phys. 75, 2215 (1981); (b) S.

-I. Chu, J. Chem. Phys. 94, 7901 (1991).

31. S. -Y. Lee and E. J. Heller, J. Chem. Phys. 76, 3038 (1982).

32. (a) E. J. Heller, J. Chem. Phys. 62, 1544 (1975); Chem.

Phys. Lett. 34, 321 (1975); Phys. Rev. A 12, 1222 (1975);

J. Chem. Phys. 64, 63 (1976); 65, 4979 (1976); 66, 5777

(1977); 68, 3891 (1978); (b) E. J. Heller, Ace. Chem. Res.

14, 368 (1981).

33. (a) E. J. Heller, J. Chem. Phys. 75, 2923 (1981); (b) G.

Drolshagen and E. J. Heller, J. Chem. Phys. 82, 226 (1985);

(c) E. Kluk, M. F. Herman and H. L. Davice, J. Chem. Phys.

84, 326 (1985); (d) M. F. Herman, J. Chem. Phys. 85, 2069

(1986) .

34. R. D. Coalson and M. Karplus, Chem. Phys. Lett. 90, 301

(1982) .

35. (a) D. Huber and E. J. Heller, J. Chem. Phys. 87, 5302

56



(1987) ; (b) D. Huber, E. J. Heller and R. G. Littlejohn,

J. Chem. Phys. 89, 2003 (1988).

36. (a) M. J. Davis and E. J. Heller, J. Chem. Phys. 71, 3383

(1979); (b) S. -Y. Lee and E. J. Heller, J. Chem. Phys.

71, 4777 (1979); (c) R. C. Brown and E. J. Heller, J.

Chem. Phys. 75, 186 (1981) ; (d) E. J. Heller, R. L.

Sundbery and D. J. Tannor, J. Phys. Chem. 86, 1222 (1982);

(e) S. -y. Lee and R. C. Brown and E. J. Heller, J. Phys.

Chem. 87, 2045 (1983); (f) D. J. Tannor, M. J. Blanco and

E. J. Heller, J. Phys. Chem. 88, 6240 (1984); (g) G.

Drolshagen and E. J. Heller, Chem. Phys. Lett. 104, 129

(1984) ; (h) R. Heather and H. Metiu, Chem. Phys. Lett.

118, 558 (1985); (i) J. R. Riemers and E. J. Heller, J.

Chem. Phys. 83, 516 (1985); J. Phys. A 19, 2559 (1986); (j)

J. D. Cress and A. E. Depristo, J. Chem. Phys. 89, 2886

(1988) ; (k) N. Henrikson and E. J. Heller, Chem. Phys.

Lett. 148, 569 (1988); J. Chem. Phys. 91, 4700 (1989); (1)

S. I. Vetchinkin, A. S. Vetchinkin, V. V. Eryomin and I. M.

Umanski, Chem. Phys. Lett. 215, 11 (1993).

37. (a) J. Frenkel, Wave Mechanics, Clarenden, oxford, 1934

253p; (b) A. D. McLachlan, Mol. Phys. 8, 39 (1964).

38. (a) K. G. Kay, J. Chem. Phys. 91, 170 (1989); (b) R. D.

Coalson and M. Karplus, J. Chem. Phys. 93, 3919 (1990); (c)

D. Hsu and D. F. Coker, J. Chem. Phys. 96, 4268 (1988); (d)

J. K. Liakos and M. Horbatsch, J. Phys. B 24, 3387 (1991).

39. (a) D. Huber and E. J. Heller, J. Chem. Phys. 89, 4752

(1988); D. Huber, S. Ling, D. G. Imre and E. J. Heller, J.

Chem. Phys. 90, 7317 (1989).

57



40. P. A. M. Dirac, Proc. Cambridge. Philos. Soc. 26, 376

(1930).

41. (a) A. D. McLachlan and M. A. Ball, Rev. Mod. Phys. 36, 844

(1964); (b) R. Y. Cusson, R. K. Smith and J. A. Maruhn,

Phys. Rev. Lett. 36, 116 (1976); (c) P. Bonche, S. E.

Koonin and J. W. Negele, Phys. Rev. C 13, 1226 (1976); (d)

S. Levit, Phys. Rev. C 21, 1594 (1980).

42. (a) E. J. Heller, J. Chem. Phys. 64, 63 (1976); (b) R.

Harris, J. Chem. Phys. 72, 1776 (1980).

43. R. B. Gerber, V. Buch and M. A. Ratner, J. Chem. Phys. 77,

3022 (1982).

44. (a) V. Buch, R. B. Gerber and M. A. Ratner, Chem. Phys.

Lett. 101, 44 (1983) ; (b) G. C. Scatz, V. Buch, M. A.

Ratner and R. B. Gerber, J. Chem. Phys. 79, 1808 (1983).

45. (a) M. A. Ratner and R. B. Gerber, J. Chem. Phys. 90, 20

(1986); (b) R. H. Bisseling, R. Koslof, R. B. Gerber, M.

A. Ratner, L. Gibson and C. Cerjan, J. Chem. Phys. 87, 2760

(1987); (c) R. B. Gerber and M. A. Ratner, Advan. Chem.

Phys. 70, 97 (1988).

46. J. Kuckar, H. D. Meyer and L.S. Cederbaum, Chem. Phys. Lett.

140, 525 (1987).

47. K. C. Kulander, Phys. Rev. A 35, 445 (1987).

48. J. Needels .and S. I. Chu, Chem. Phys. Lett. 139, 35 (1987).

49. R. D. Coalson, Chem. Phys. Lett. 165, 443 (1990).

50. J. R. Waldek, J. Campos-Martinez and R. D. Coalson, J. Chem.

Phys. 94, 2773 (1991).

51. M. D. Prasad, Chem. Phys. Lett. 194, 27 (1992).

52. S. Y. Lee, J. Chem. Phys., 97, 227 (1992).

58



53. N. E. Henricksen, G.D. Billing and F. Y. Hausen, Chem. Phys.

Lett. 199, 176 (1992).

54. J. Kucar, H. D. Meyer and L. S. cederbaum, Chem. Phys. Lett.

140, 525 (1987) .

55. H. D. Meyer, J. Kucar and L. S. Cederbaum, J. Math. Phys.

29, 1417 (1988) .

56. N. Makri and W. H. Miller, J. Chem. Phys. 87, 5781 (1987).

57. (a) H. D. Meyer, U. Manthe and L. S. Cederbaum, Chem. Phys.

Lett. 165, 73 (1990); (b) Z. Kolter, A. Nitzan and R.

Kosloff, Chem. Phys. Lett. 153, 483 (1988); (c) Z. Kolter

and E. Nirea and A. Nitzan, Comput. Phys. Comun. 63, 243

(1991); (d) U. Manthe, H. D. Meyer and L. S. Cederbaum, J.

Chem. Phys. 97, 9062 (1992).

58. (a) A. Hammerich, R. Kosloff and M. A. Ratner, Chem. Phys.

Lett. 171, 97 (1990); (b) G. D. Billing and G. Jolicard,

Chem. Phys. Lett. 221, 75 (1994).

59. J. Campos-Martinez and R. D. Coalson, J. Chem. Phys. 93,

(1990).

60. B. Vekhtar, M. A. Ratner and R. B. Gerber, J. Chem. Phys. 99

7916 (1993) .

61. (a) B. Gazdy and A. Micha, J. Chem. Phys. 79, 3794 (1983);

(b) D. A. Micha, Int. J. Quantum Chem. 23, 551 (1983); (c)

B. Gazdy and D. A. Micha, J. Chem. Phys. 82, 4926 (1985).

62. I. Benjamin, J. Chem. Phys. 85, 5611 (1986).

63. A. K. Shin, Chem. Phys. Lett. 123, 507 (1986).

64. R. G. Gilmore and J. -M. Yuan, J. Chem. Phys. 86, 130

(1987) .

65. S. Shi and H. A. Rabitz, J. Chem. Phys. 88, 7508 (1988).

59



66. J. Kuckar and H.-D. Meyer, J. Chem. Phys. 90, 5566 (1989).

67. J. Echave, F. M. Frnandez and D. A. Micha, J. Chem. Phys.

94, 3537 (1991).

68. K. Someda, J. Kondow and K. Kuchitsu, J. Phys. Chem. 95,

2156 (1991).

69. S. Lin, X. Yi and L. Cai, Chem. Phys. Lett. 160, 163 (1991).

70. (a) A. McCullough and R. E. Wyatt, J. Chem. Phys. 51, 1253

(1969); (b) C. Leforestier, Chem. Phys. 87, 241 (1984).

71. A. Askar and A. S. Cakmak, J. Chem. Phys. 68, 2794 (1978).

72. (a) Y. T. Yinon, R. Kosloff and R. B. Gerber, Chem. Phys.

87, 441 (1984); (b) D. J. Tannor, R. Kosloff and S. A.

Rice, J. Chem. Phys. 85, 5805 (1986).

73. U. Manthe and H. Koppel, J. Chem. Phys. 93, 345 (1990).

74. (a) M. D. Fiet, J. A. Fleck, Jr and A. Steiger, J. Comput.

Phys. 47, 412 (1982); (b) M. D. Fiet, J. A. Fleck, Jr, J.

Chem. Phys. 78, 301 (1983); (c) M. D. Fiet, J. A. Fleck,

Jr, J. Chem. Phys. 80, 2578 (1984); (d) 0. A. Sharafeddin,

D. J. Kouri, R. S. Judson and D. K. Hoffman, J. Chem. Phys.

96, 5039 (1992) .

75. (a) A. Nauts and R. E. Wyatt, Phys. Rev. Lett. 51, 2238

(1983); (b) U. Manthe, H. Koppel and L. S. Cederbaum, J.

Chem. Phys. 95, 1708 (1991).

76. (a) R. Kosloff and H. Tal-Ezer Chem. Phys. Lett. 127, 223

(1986); (b) A. T. Yinon, R. Kosloff and R. B. Gerber, J.

Chem. Phys. 88, 7209 (1988); (c) K. C. Kulander, C.Cerjan

and A. E. Orel, J. Chem. Phys. 94, 2571 (1991); (d) R.

Kosloff and Y. Zeiri, J. Chem. Phys. 97, 1719 (1992).

77. (a) R. S. Judson, D. B. McCarrah, 0. A. Sharaqfeddin, D. J.

60



Kouri and D. K. Hoffman, J. Chem. Phys. 94, 3577 (1991); (b)

T. N. Truong, J. J.Tannor, P. Bala, J. A. McCanunan, D. J.

Kouri, B. Lesying and D. K. Hoffman, J. Chem. Phys. 96, 2077

(1992) .

78. (a) U. Manthe, H. Koppel and L. S.Cederbaum, J. Chem. Phys.

97, 3199 (1992); (b) U. Manthe and A. D. Hammerich, Chem.

Phys. Lett. 211, 7 (1993); (c) T. J. Park and J. C. Light,

J. Chem. Phys. 85, 5870 (1986).

79. J. 0. Hirschfelder and R. E. Pyzalski, Phys. Rev. Lett. 55,

1244, (1985) .

80. (a) J. Wei and E. Norman, J. Math. Phys. 4, 575 (1963); (b)

J. Wei, J. Math. Phys. 4, 1337 (1963).

81. F. Wolf and H. J. Korsch, Phys. Rev. A 37, 1934 (1988).

82. Y. Alhassid and R. D. Levine, Phys. Rev. A 18, 89 (1978).

83. (a) F. Coester, Nucl. Phys. 7, 421 (1958); (b) F. Coester

and H. Kummel, Nucl. Phys. 17, 477 (1960); (c) J. Cizek,

Advan. Chem. Phys. 14, 35 (1969).

84. P. Hoodbhoy and J. W. Negele, Phys. Rev. C 18, 2380 (1978);

19, 1971 (1979).

85. K. Shoenhammer and 0. Gunnarsson, Phys. Rev. B 18, 6606

(1978) .

86. J. Arponen, Ann. Phys. 151, 311 (1985).

87. K. L. Sebastian, Phys. Rev. B 31, 6976 (1985).

88. M. Durga Prasad, J. Chem. Phys. 88, 7005 (1988); Proc. Ind.

Acad. Sci (Chem. Sci. ), 99, 61 (1987); Lecture Notes in

Chemistry, vol 50, 321, Sringer Berlin, 1989.

89. G. M. Sastry and M. D. Prasad, Theor. Chim. Acta. (in

press).

61



90. G. M. Sastry and M. D. Prasad, Chem. Phys. Lett, (in press).

91. S. Guha and D. Mukherjee, Chem. Phys. Lett. 186, 84 (1991).

92. (a) N. Makri, Chem. Phys. Lett. 193, 435 (1992); (b) M.

Topaler and N. Makri, J. Chem. Phys. 97, 9001 (1992) ; (c)

M. Topaler and N. Makri, Chem. Phys. Lett. 210, 285 (1993);

(d) D. Makarov and N. Makri, Chem. Phys. Lett. 221, 482

(1994) .

93. S. Krempl, M. Winterstetter, H.Plohn and W. Domcke, J. Chem.

Phys. 100, 926 (1994).

94. T. Uzer and W. H. Miller, Phys. Rept. 199, 75 (1991).

95. (a) R. J. Bartlett, J. Phys. Chem. 93, 1697 (1989); Theor.

Chim. Acta. 80, 71-507 (1991).

96. H. Koppel, W. Domcke and L. S. Cederbaum, Advan. Chem. Phys.

57, 59 (1984).

62



CHAPTER II

DEVELOPMENT OF EXPONENTIAL PERTURBATION THEORIES



2.1. INTRODUCTION

Time-dependent approaches for describing quantum

dynamical processes have been growing rapidly over the past decade

due to the computational advantages these methods offer compared

to the time-independent methods. Obtaining the information of a

molecular process in time domain requires integrating the

Schroedinger equation in a large Hilbert space.1 Exact methods

require large basis sets which grow exponentially with the size of

the system and hence it is desirable to develop and test

approximate methods. Several such methods have been discussed in

literature.2"' Among the available approximate methods

perturbation theory enjoys a pre-eminent position.

In the conventional approach to the perturbation theory,

the time evolution operator is expanded as power series in terms

of the interaction hamiltonian. In such an expansion, the

approximate evolution operator obtained by truncating the series

is not always unitary. For developing unitary approximations to

the evolution operator the exponential ansatz is very appropriate.

In this approach the evolution operator UF is parametrized as

UF(t) - exp [A(t)]. (2.1.1)

Here A is evaluated perturbatively instead of U . In addition, A

is constrained to remain antihermitian at each order, thus

guaranteeing an unitary evolution operator irrespective of the

order of truncation in A. A perturbation theory based on the

above prescription is termed as the Magnus expansion.6"9

Several authors discussed the validity of Magnus

63



expansion.10"1 The Magnus expansion is subject to two major

limitations. First, the theory is essentially perturbative, since

the governing equation for the generator A obtained from the

Schroedinger equation

iU-1U = U~lHU , (2.1.2)

contains infinite order polynomials in A. Consequently no

non-perturbative solution is possible in practice. Second, under

certain exotic conditions, even the existence of the solution to

that equation is questionable. ' In addition to these formal

problems, the Magnus expansion breaks down (as does any

perturbative expansion) when some of the unperturbed wave

functions are degenerate. To avoid this, degenerate perturbation

theories have been developed.24 In these approaches a set of

quasi-degenerate states is defined as a model space and an

effective hamiltonian is posited that generates the dynamics of

the projection of the exact wave function in the model space. A

wave operator is invoked to map the model space component to the

exact wave function. Perturbation theory is now applied to the

wave operator, while the couplings within the model space are

treated exactly. It is possible to modify the Magnus expansion to

provide such an effective hamiltonian. The resulting theory has

an appearance very similar to canonical van Vleck perturbation

theory.25 However, it is also subject to the same deficiencies of

the original formulation.

In view of the above considerations it is desirable to

develop alternate perturbation theories for model space effective
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hamiltonians based on exponential ansatze. Such a theory should

be free from any questions regarding the existence of solution.

In addition, the equations for the generators of such a theory

should be finite order polynomials, so that a non-perturbative

solution is possible (if necessary). The earliest attempts to

eliminate the existence problems are due to Wei and Norman.

These authors parametrized the time evolution operator in a

non-canonical product of exponential operators:

UF = n exp(g(.AK) . (2.1.3)

The time-dependent complex functions g are determined by

a set of nonlinear differential equations obtained by substituting

ansatz (2.1.3) into eq. (2.1.2). The operators AR are the

generators of the Lie algebra to which the hamiltonian belongs.

Wei and Norman have shown that when the Lie-algebra to which the

hamiltonian belongs is a solvable algebra, it is possible to

choose the sequence of operators in eq.(2.1.3) such that a global

solution to U can be obtained.18 In addition, they have

developed a reduction principle to disentangle the equations of

motion of different sets of coefficients when the Lie algebra in

question is not simple.19 The projection operator algebra that

we use is a simple algebra and hence cannot be subjected to their

analysis. Not withstanding this, it is possible to parametrize

the evolution operator in a product form such that a limited

version of reduction principle is available in that the equation

of motion of different groups of coefficients are decoupled from

each other and contain finite order polynomials only. In addition

the existence of the solution to these equations can be proved
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rigorously. This part of the theory is presented in sec. 2.2.2

in the context of quasi-degenerate perturbation theory after a

review of the elements of the requisite effective hamiltonian

theory for model spaces in sec. 2.2.1 We then consider three

different methods to generate approximations to these equations in

sec. 2.2.1 and assess their relative merits. We have applied our

methodology to a harmonically driven Morse oscillator with a view

to understand the characteristic convergence pattern of these

methods and the results obtained are discussed in sec.2.3. We

have presented our conclusions in sec. 2.4.

2.2. METHODOLOGY

2.2.1. Effective hamiltonian and model space dynamics:

We assume that the state of the system whose dynamics are

to be described is an element of a finite dimensional vector space

spanned by the basis functions { |n>, 1 s n s N }. The dynamics

of a system are often confined to a small subspace and the states

involved in this space require exact treatment while the rest of

the states mix only weakly with the manifold of the strongly

interacting states. Accordingly we partition the Hilbert space

into two orthogonal subspaces: Model space M, consisting of the

strongly interacting states characterized by the projection

operator P and the remaining states spanning the virtual space V,

(projection operator Q).

We now focus our attention on a nonstationary state i/i

that was constructed as a superposition of the model space

66



functions alone at some initial time,

With this goal in mind, we define a common wave operator24 U for

all the states in M. Thus,

Comparing eq. (2.2.2a) and (2.2.3a) we find

67

Our desire is to define a model space effective

hamiltonian HM such that the evolution of the model space

component <p(t) of ^(t) is described via an equation of motion of

the form

and evolves in time according to the Schroedinger equation

(2.2.la)

(2.2.1b)

(2.2.2a)

(2.2.2b)

(2.2.2c)

(2.2.3a)

(2.2.3b)

From eq. (2.2.1b) and (2.2.2c) it follows that <f> satisfies



HM = P H P. (2.2.3C)

The function <p evolve within the model space as long as

Q H P = 0 (2.2.3d)

is satisfied and the initial conditions are specified by eq.

(2.2.1a). Consequently, the governing equation for U is given by

Q ( U~1HU - iu"1^ ) P = 0. (2.2.3e)

Note that eq. (2.2.3d) serves to define the coefficients

of only such operators in U which induce transitions from the

model space to virtual space. The coefficients of the rest of the

operators are indeterminate, and as it turns out, irrelevant.

Additional conditions can be imposed on H to determine U more

fully such as, for example

P H Q = 0, (2.2.3f)

which then allows the determination of coefficients of operators

which induce transitions from the virtual space to the model

space. However, as long as eq. (2.2.3e) is exactly satisfied,

these additional conditions have no influence on H., as we shall

demonstrate in sec. 2.2.3.

In most practical calculations one is more interested in

the full wave function or expectation values of the dynamical

variables rather than the projection of the wave function onto the

model space. The full wave function is obtained by operating on 0
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by U. We now turn to the calculation of physically relevant

expectation values. The expectation value of a dynamical variable

0 is given by

< 0 > = < I/I \0 \ I/I > = <0 |U + OU | 0 > . ( 2 . 2 . 4 a )

With <p and U obtained from eq. (2.2.2a) and eq. (2.2.3e)

respectively, this provides a straight forward procedure. An

alternative procedure, more in the spirit of the effective

operators in the model space is the following. We define an

auxiliary bra function < 0 I by

< 4>\ = < tfrlU. (2.2.4b)

From the Schroedinger equation for < \p\

-i < i/il = < 0IH. (2.2.4c)

We get the working equation for < 01 as

-i < 01 = < 0|H, (2.2.4d)

where H is defined as before. The expectation value of 0 is now

given by

< 0 > = < 0 10 I <p > = < 0 | O | 0 > , ( 2 . 2 . 4 e )

w h e r e
6 = U"'o U. ( 2 . 2 . 4 f )

Here 6 is the model space effective operator corresponding to 0 in

the full Hilbert space. This result holds irrespective of whether
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U is unitary or not. One noteworthy point here is that <il is

not the complex conjugate of \<t», but must be evolved

independently according to eq. (2.2.4d). In general, <0| is not

confined to the model space. However, if eq. (2.2.3f) is imposed

in addition to eq. (2.2.3d) while determining U, <0I would also

be confined to the model space.

2.2.2. Operator algebra and the evolution operator:

We now turn to the construction of the model space wave

operator U. The set of operators that act on the vector space of

functions is a complete set and is spanned by the basis set of the

generators of the unitary group, L= {|i> <jl,l = i,j a N }. This

operator set is closed under commutation, thus forming a Lie

algebra. The hamiltonian, given by

is an element of this Lie algebra. Given that the hamiltonian is

an element of the algebra, the fu]

parametrized, at least locally, as

an element of the algebra, the full evolution operator U_, can be

and satisfies the Schroedinger equation

(2.2.6a)

(2.2.5)

(2.2.6b)

eq. (2.2.6a) is the starting point for the Magnus expansion
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approach.6"' An alternative form is to write U as a product of

exponentials (the so called Wei-Norman form) rather than a single

exponential,18'21

where each U. is an exponential operator. Wei and Norman and

more recently Wolf and Korsch21 have discussed a reduction

principle to obtain a convenient sequence of U. when the algebra

is semisimple. In addition Wei and Norman has shown that for

solvable Lie algebras there exists a basis and an ordering of the

basis for which the product form is global. Since the only

invariant subalgebras of the projection operator algebra are the

null set and itself, the algebra is simple and hence this

procedure cannot be used here. However, it turns out that a

limited form of a reduction principle is possible in this case

also due to the special structure of the algebra. To exhibit this

structure we classify the operator set as follows:

set of excitation operators: E = { X = |v> <m| ; v 6 V, m e M }

set of deexcitation operators: D = {Y = |m> <v| ; v e V, m e M }

set of shift operators:S = { Z = |m> <n|, W = |u> <v| ; m,n

e M ; u, v € V ).

These operators satisfy the following commutation

relations:

[ X,X ] = [ Y,Y ] = 0, (2.2.8a)

[ X,Y ] = Z + W, (2.2.8b)

[ X,Z ] = X = [ X,W ], (2.2.8c)

[ Y,Z ] = Y = [ Y,W ]. (2.2.8d)

(2.2.7)
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Note that each of these sets defines a subalgebra of L. In

addition S u E and S u D are also closed under commutation. We

now note that (a) the excitation operators in H can be eliminated

by a similarity transformation generated by X alone: Consider the

parametrization

The equation of motion for U is given by

In other words, UR is generated by the effective

operators in Hn by requiring

hamiltonian operator H_. It is possible to eliminate all X

which provides the working equation for Uv. (b) If the effective
A

hamiltonian operator HR does not contain X operators then UD can

be parametrized as

(2.2.9a)

(2.2.9b)

(2.2.9c)

(2.2.9d)

(2.2.9e)

(2.2.9f)

since S u D is a Lie algebra and HR belongs to it. Combining
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these two statements, and invoking similar arguments with respect

to the deexcitation operators, we arrive at

Up = exp(X)exp(Y)exp(Z+W). (2.2.10)

Thus the model space wave operator U is given by

U = exp(X)exp(Y), (2.2.11)

since the effect of Z can be absorbed into ip and W acting on the

model space gives zero. The generators X and Y satisfy

iX = Q exp(-X) H exp(X) P, (2.2.12a)

iY = P exp(-Y) [ exp(-X)Hexp(X)-iX ] exp(Y) Q. (2.2.12b)

These equations are decoupled since the governing equation for X

does not depend upon Y. In this sense we have obtained a

reduction of the operator set. Let us note that any other

ordering of operators (e.g. exp(Z)exp(X)exp(Y)exp(W)) does not

lead to decoupled sets of equations.

2.2.3. Perturbation theory:

We now turn to the explicit solution of eq.(2.2.12). From

eq. (2.2.12a) we obtain by Hausdorff expansion

(2.2.13a)
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This equation is a matrix Ricatti equation and is the

result of a multistate generalization of the nonlinear quotient

approach discussed by Dion and Hirschfelder.29 The existence

theorem proved in that context (theorem 9 of ref. 29) holds here

also. Since X is a vxm matrix operator where v and m are the

dimensions of the V and M respectively, parametrizing X formally
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as

(2.2.13b)

where F is a vxm matrix and g is a mxm matrix and substituting it

into eq. (2.2.13a) we obtain

This equation can now be decoupled into two sets by writing

(2.2.13d)

(2.2.13e)

Note that eq. (2.2.13d) and eq.(2.2.13e) recover the original

Schroedinger equation. The initial condition

(2.2.13f)

[2.2.13g)

(2.2.13h)

X(0) = 0

is satisfied by requiring

G(0) = 1

F(0) = 0,

without loss of generality. The solution to X exists as long as G



is non-singular. Note that from eq. (2.2.13) G represents the

matrix of the projections of all linearly independent states that

were started at t = 0 in the model space. Thus G becoming

singular implies that two or more such states have evolved in such

a way that their projections in the model space at this point of

time are linearly dependent. In such a situation X does not have

any meaningful solution. Except in such pathological cases, X has

a global solution. In a similar fashion, it can be shown that eq.

(2.2.12b) for Y also has a global solution under the same

conditions.

Since the multicommutator expansion in eq. (2.2.13a) is

finite, a nonperturbative solution for X is possible in contrast

to Magnus expansion. In addition, a perturbative expansion for X

by this approach has far fewer terms at any order compared to its

counterpart by Magnus expansion.

Expanding X perturbatively we obtain

where n is the order of perturbation. The model space effective

hamiltonian (eq. (2.2.2b)) becomes
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(2.2.14a)

(2.2.14b)

(2.2.15a)

(2.2.15b)

If X satisfies eq. (2.2.13a) exactly, this reduces to



This is expected since the action of Y on the model space gives

zero. Consequently these operators should have no influence on

the model space dynamics. Thus a simple minded perturbation

theory consists of two steps: (1) Solve eq.(2.2.14b) to some

finite order. (2) Construct HM according to eq.(2.2.15b) and

integrate eq. (2.2.2a) for <p. We shall refer to this approach as

the similarity transformation based perturbation theory (STP),

since in effect, it postulates U = exp(X).

One possible problem with STP is that, in the strong

coupling regime the perturbative dynamics may not conserve the

norm of the wave function. This is the well known problem of

intruder states.24 When eq. (2.2.3d) is satisfied, these states

have no influence on the model space dynamics because, any vector

from the model space would evolve within the model space as long

as H_p = 0 . If X is obtained from perturbation theory, eq.

(2.2.3d) is violated. In such a case, invocation of eq. (2.2.15b)

is equivalent to replacing H in eq. (2.2.3b) with H. such that

Hft = H - R, (2.2.16a)

where

Q R P = Q H P. (2.2.16b)

The hamiltonian corresponding to H. in the full Hilbert space is
A

H = H - URU"1. (2.2.17)

If the H operator is non-hermitian, it could, in the

course of its evolution, develop complex eigenvalues. The

eigenvectors associated with these eigenvalues are the intruder

states. When the intruder states develop a large component in the
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model space at some stage, the model space states would grow

exponentially. Such a situation can be expected when the states

in the model space interact strongly with the virtual space.

There are two ways to eliminate the influence of the

intruder states. The first approach is to expand the model space

to incorporate all the strongly interacting states as advocated by

Jolicard and Grosjean.2* This forms the basis of the intermediate

hamiltonian approach discussed in the context of the usage of

incomplete model spaces along with the coupled cluster method for

stationary states.28 A second approach is to ensure that H is

hermitian through out the course of the evolution. Note that only

the QP block of the R operator is specified by eq.(2.2.16b). It

is possible to use this flexibility to ensure a hermitian H.

Essentially H is hermitian if K = URU is hermitian. Thus, in

terms of the sub-blocks of the R operator the following equations

must be satisfied to guarantee the hermiticity of H:

we arrive at
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(2.2.18a)

(2.2.18b)

(2.2.18c)

Since R p ,Rpo and R are not defined by eq. (2.2.16b)

additional conditions can be imposed. For example setting

(2.2.19)



Thus choosing an R_o such that R = Ro_ and requiring

RQ_ = RQQX would guarantee that H is hermitian. In such a case X

must satisfy

In this case X can not be obtained as a power series. Instead

approximations to X are obtained by defining different R Q 0

matrices. We term approaches based on eq. (2.2.21) as the

hermitised similarity transformation (HST) based theories.

An alternative approach to avoid norm violations is to

insist that the full evolution operator of eq. (2.2.10) underlying

the model space evolution operator to be unitary. It can be shown

by direct substitution that Up is unitary if Y,Z and W satisfy the

following equations:

Y = - (1+X+X)~X X+, (2.2.22a)

Z = - 1/2 In (1+X+X), (2.2.22b)

W - - 1/2 In (1+XY). (2.2.22C)

Thus, usage of eq. (2.2.15a) with eq. (2.2.22a) for Y ensures that

there is no norm violation. This approach will be called as the

unitary transformation based perturbation theory (UTP) in the

following. In the next section we study the numerical

performances of these three methods.
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(2.2.20b)
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2.3. MODEL APPLICATIONS

To examine the relative performances of the three

approaches described in the previous section and also to gain an

understanding of their convergence properties we have used the

three approaches to follow the dynamics of a harmonically driven

Morse oscillator. The hamiltonian of the system is given by

H = HQ + V, (2.3.1)

HQ = p
2/2m + D(l-e~ax)2, (2.3.2a)

V = AQxcos(ut). (2.3.2b)

The parameters D, a., and m were chosen to correspond to that of HF

molecule and are collected in Tab. 2.I.22 A was chosen such that

the intensity of the external field was in the range of 1 to 2

TW/cm2.23

Table 2.1 Morse parameters for HF.

In all the calculations presented below the frequency of

the radiation field was set to be in 1:1 resonance between ground

and the first excited states. Consequently, these two states are

degenerate and interact strongly, while the coupling to the rest
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of the states is taken to be weak enough to be subjected to a

perturbative treatment. Thus all the perturbative calculations

were carried out in the interaction picture with a model space

spanning the ground and first excited states and the lowest ten

eigenstates of the Morse oscillator were used to define the

complete vector space.

In the Figure 2.1 we plot the expectation value of the

unperturbed Morse oscillator calculated by STP as a function of

time when the intensity of the driving field is 1 TW/cm (A =

0.04503 eV/a ). Since the Y operators are not evaluated in STP

the expectation values were obtained by eq. (2.2.4a). It appears

that the first order theory fails to improve upon the zeroth order

description but 3rd and 5th orders are practically

indistinguishable and quite close to the exact results indicating

that the perturbation series seems to be convergent at this

intensity at least over the time period that has been studied.

In Fig. 2.2 we plot the expectation value of the

unperturbed hamiltonian of the Morse oscillator calculated by STP

as a function of time when the intensity of the driving field is 2

TW/cm . Upto about 15 optical cycles (o.c.) the perturbation

theory provides an improvement over the zeroth order description

with the accuracy of the perturbation solution improving with

increasing order. Beyond that the energy calculated by all the

orders blows up indicating the divergent nature of the

perturbation series.

In Fig.2.3 we plot the expectation value of position as a

function of time by STP at the field intensity of 2TW/cm2. Beyond

10 optical cycles first order result starts deviating from the
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5.0 15.0 25.0 35.0

TIME [o.c]

Fig.2.1 Energy of the Morse oscillator as a function of time

with the field intensity I = 1.0 TW/cm by STP. Continuous line

with circles: Converged basis set calculation. Dash and double

dotted line: Basis set restricted to two functions. Dash and

dotted line: First order. Dashed line: third order. Continuous

line: Fifth order.
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5.0 15.0 25.0 35.0

TIME [o.c]

Fig.2.2 Same as Fig. (2.1) but at the field intensity of 2

TW/cm . Figure conventions are the same as before.
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Fig.2.3 Position expectation values as a function of time at the

field intensity same as Fig. (2.2) by STP. Continuous line:

Converged basis set calculation. Long dahes: First order. Dash

and dotted line: Third order.
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5.0 15.0 25.0 35.0

TIME [o.c]

Fig. 2.4 Norm of the perturbed wave function at I = 2 TW/cre

Figure conventions are the same as in Fig.(2.1).
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5.0 15.0 25.0 35.0

TIME [o.c]

fig. 2.5 Energy of the Morse oscillator as a function of time by

HST. Continuous line: Converged basis set calculation. Dash and

double dotted line: Basis set restricted to two basis functions.

°ash and dotted line: HST calculation.

85



exact values. The third order calculation is an improvement over

the first order result. In the case of position expectation

values also the accuracy is improving with the increase in the

perturbation order.

The divergent nature of the perturbation theory indicated

by Fig.2.2 and 2.3 is reinforced by Fig. 2.4 in which norm of the

perturbed wave function defined by

( 2 . 3 . 3 )

is plotted as a function of time. It appears from this that the

higher the order of the perturbation theory the later is the

occurrence of the norm violation. But once the norm violation

begins it appears to grow faster in higher order approximations.

In Fig.2.5 we present a similar calculation to Fig.2.2

but based on HST in which we have set R = HO0" This is

equivalent to solving the equation

iX = H Q p - XHpp - XHpQX (2.3.4)

for X. This is a nonperturbative approximation and as may be

expected performs quite satisfactorily.

In Fig. 2.6 the energy expectation value calculated by

the UTP approximations is plotted as a function of time at the

same intensity as Fig.2.2. Here the expectation values were

obtained by using eq. (2.2.4f) . In the early phase of the time

development (upto about 20 o.c.) the approximation based on the

unitary transformation is far worse than the corresponding STP
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5.0 15.0 25.0 35.0

TIME [o.c]

Fig. 2.6 Energy of the Morse oscillator as a function of time

with the field intensity I = 2.0 TW/cm2 by UTP. Figure

conventions are the same as in Fig. (2.1).
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5.0 10.0 15.0
Time [o . c . ]

Fig.2.7 The position expectation value as a function of time by

UTP at the field intensity I = 2.0 TW/cm2. Figure conventions

are the same as in Fig.(2.3).
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5.0 15.0 25.0 35.0

TIME [ o . c ]

Fig. 2.8 Comparision of STP and UTP values of energy of the Morse

oscil lator. Continuous line: Converged basis set calculation.

Dashed line: Third order UTP. Dash and dotted l ine: Third order

STP.
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version. However, since there is no norm violation in this

approach its validity improves at longer times when the

approximations based on the STP breakdown due to norm violations.

However these approximations seem to be worse than the hermitised

version. Similar trends are observed even in the case of position

expectation values as a function of time by UTP which are plotted

in Fig. 2.7.

Comparing the energy expectation values obtained from STP

and UTP approaches (Fig. 2.8), it appears that the result of STP

version is close to exact result up to about 2 0 o.c. Beyond that

it diverges. The UTP version underestimates the energy at least

in the initial phase. The explanation for this can be given as

follows: Substituting for Y in eq. (2.2.15a) results in the

equation

H M = (1+X+X)"1 (Hpp + HpQX + X
+H Q p + X

+HQQX - iX
+X). (2.3.5)

It can be seen from this equation that when a particular X value

turns out to be large, the corresponding value of the factor

(1+X X) will be very small, consequently the matrix elements in

the corresponding row of HM become negligible. This means, the

model space state which is strongly interacting with the virtual

space is being eliminated from the model space for all practical

purposes. In effect then the model space is reduced to one

function and the wave packet is unable to gain energy.

2.4. CONCLUDING REMARKS

Degenerate perturbation theory is a convenient tool for
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the description of dynamics of systems with a large number of

strongly interacting states. Any approach to such a perturbation

theory defines a common wave operator for all the states in the

model space.24' In this work we have studied the development of

three such approaches based on exponential ansatze. We have opted

for Wei-Norman type of product form for the time evolution

operator rather than a single exponential type normally invoked in

the Magnus expansion. Based on the structural properties of the

Lie algebra under consideration we have shown that the evolution

operator is partially reducible in the sense that the computation

of the time-dependent coefficients associated with the excitation

operators is decoupled from the computation of the rest of the

operators. More generally, if the algebra L underlying the

dynamics can be decomposed into a sequence of subalgebras L. such

that

L = LQ 2 Lx 2 L2 2 ... , (2.4.1)

then, parametr iza t ion of U as

U = exp(X0)exp(X1)exp(X2) . . . ; Xk e 1^ - L]c_1 (2 .4 .2)

leads to decoupling of the equations of motion for different X..

A perturbation theory based on such decouplings has the advantage

that it requires less computational effort than the Magnus

expansion. First, the equations for different generators are

decoupled, and consequently the original problem is broken down

into several subproblems which can be solved sequentially.

Second, since the equations for the generators contain finite

order polynomials, the number of terms at each order of

perturbation theory are fewer than in the corresponding Magnus
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expansion. Lastly, the resulting equations provide a global

solution to the wave operator. We note in passing that algebraic

methods have been used in the past to provide approximate

solutions to the Schroedinger equation.4'' In all these

approaches the hamiltonian is not in general an element of the

algebra used. Consequently, the algebraic approach does not

provide the complete solution. Instead it is used to construct a

convenient time dependent coordinate system in which a basis set

is defined to carry out the dynamical calculations. The most

commonly used algebras in this context are the harmonic oscillator

algebra and its multidimensional extensions. Because of the

nonlinearities in the equations of motion for the generators,

these approaches are also subject to the question of the existence

of the solution depending on the order of the operators used.

However, the harmonic oscillator algebra is a semisimple algebra

and can be treated on the lines discussed by Wolf and Korsch.21 A

particularly well developed approximation method based on this

approach is the time-dependent rotated Hatree method discussed by

Kucar et al,5 who also prove the existence of a global solution

when a particular ordering of the operators is chosen. However

all these approaches differ from ours because we work with the

algebra that contains the hamiltonian. The work of Mukherjee28 is

closest in spirit to ours, in that he uses an exponential ansatz

for the full evolution operator which he then factorises into the

model space wave operator and the closed part containing the norm

and the phase corrections. However, his ansatz is motivated by

the requirements of the asymptotic separability. In our case the

factorisation of the excitation and shift operators (open and
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closed operators in the terminology of Mukherjee) is a consequence

of the structure present in the algebra.

While the decoupling of equations of motion provide

significant formal advantages as discussed above, in an

approximate calculation they could lead to norm violations because

the effective hamiltonian underlying specific approximations in

the full Hilbert space could become nonhermitian. Analyzing the

source of such nonhermiticity we found criteria by which an

approximation could be tested a priori as to whether it would lead

to norm violation or not. Alternatively, the model space wave

operator could also be designed such that the full evolution

operator from which it is generated is unitary.

We have studied the performances of these three methods

in a model system. It appears from these studies that the

perturbation theory based on similarity transformation seems to be

adequate at least for weak coupling or short time dynamics while

at longer times the norm violation effects seem to be predominant.

We have also tested a nonperturbative approximation which was

guaranteed to conserve the norm. The performance of this

approximation was quite good. Approximations based on unitary

transformation do not suffer from norm violation; however, this

seems to be achieved at the cost of practically eliminating some

of the states from the model space. Its performance is in general

worse than an unconstrained similarity transformation based

approach. These conclusions are, ofcourse, tentative and would

have to be backed up by more extensive studies on these

approaches.
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CHAPTER I I I

LIE-ALGEBRAIC STRUCTURE

AND

COUPLED CLUSTER METHOD



3.1. INTRODUCTION

In the previous chapter, we were concerned about the

development of quasi-degenerate perturbation theory for the

calculation of quantum dynamics in the Hilbert spaces. The

calculation of time evolution is carried out in two parts in this

approach. A group of strongly interacting states is identified as

the model space. The dynamics of the wave packet in the model

space is treated exactly. The effect of the virtual space is then

treated perturbatively. To this end, the evolution operator U is

factorised as

UF = U UM. (3.1.1)

Here the model space evolution operator U describes the dynamics

of the projection of the wave packet in the model space

(eq.(2.2.2b))

It is generated by model space effective hamiltonian H

(eq.(2.2.3a))

where the effective hamiltonian is defined as (eq.(2.2.3c))
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To ensure that <p is confined to the model space (eq. (2.2.3d) )

must be satisfied. Q and P are the projection operators onto the

virtual and model spaces respectively.

An exponential ansatz is posited for the wave operator

U. Based on the Lie-algebraic structure present in the operator

set, we have showed that the wave operator could be factorised as

( 3 . 1 . 2 )

where U is generated by the excitation operators alone and the U
** y

is generated by the deexcitation operators. The equation of

motion for U does not depend upon the U operator. This
X y

procedure is essentially equivalent to putting the wave operator

in the normally ordered form with respect to the model space,

since the deexcitation operators give zero acting on the model

space.

In this chapter, we extend the approach to the Fock

space. Since Fock space is the union of all the Hilbert spaces

with varying number of particles, this provides a convenient

approach for analyzing the dynamics of a many body system in terms

of the dynamics of the constituent subsystems. This is useful at

two levels. At a conceptual level it provides a pictorial view of

the dynamics in terms of the subsystems. At a computational

level, it allows the definition of computationally tractable

nonperturbative approximations in terms of subsystem amplitudes

when the actual number of degrees of freedom is large. The
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guiding principle for constructing the wave operator, once again

is the sub-algebraic structure present in the set of operators

active in the Fock space. It turns out that this analysis leads

to the time-dependent generalization of the inultireference coupled

cluster methods developed earlier in the context of electronic

structure theories.

The coupled cluster method (CCM) is currently one of the

most popular computational tools for performing size extensive

energy calculations for many electron systems. " This method

uses exponential ansatze to generate the correlated N-electron

wave function with the reference wave function taken most often in

the form of a single Slater determinant. Generalization of the

single reference CCM methods consider a manifold of states

(spanning the model space) and posit an effective hamiltonian H-.

in that space whose eigenvalues correspond to some of the

(desired) eigenvalues of the original hamiltonian. These

multireference coupled cluster methods (MRCCM) can be classified

into two classes6 : (a) the Fock space MRCCM and (b) the Hilbert

space MRCCM. The Fock space MRCCM postulates a valence-universal

wave operator fi to map the reference states to the corresponding

correlated states in that it requires that the same wave operator

should correlate the reference states of N±l, N±2 particle systems

generated by deleting or adding the appropriate number of

particles from the states in the N-particle model space. Various

Fock space methods have been discussed in literature.6 These

differ principally in their choice of the actual form of the wave

operator.

An important ingradient of the Fock space MRCCM is the

subsystem embedding condition. According to it, the cluster
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operators corresponding to an m-valence system do not influence

the cluster operators corresponding to an n (<m) particle system.

This leads to a significant reduction in the computational effort.

This was originally postulated as an additional condition along

with a multiple cluster ansatz for the wave operator.14 Later

Hague and Mukherjee4 have shown that this holds rigorously when

the wave operator is taken to be a normally ordered exponential

ansatz.

Once the form of the wave operator is chosen, there are

two possible ways to generate the CCM equations. In the first

approach, termed the similarity transformation based approach, the

effective hamiltonian is defined as

H e f f = n"lHfi. (3.1.3)

The cluster matrix elements are chosen such that the functions in

the model space are decoupled from the rest of the Hilbert space.

QHeffP = 0. (3.1.4)

The model space effective hamiltonian is then simply PH f fP.

In the second approach, the Bloch equation is invoked

to determine both Q and H ...

HflP = nPHeffP. (3.1.5)

Several ansatze have been posited for Q. Noteworthy

among these are:

(a) The multiple exponential ansatze14

(3.1.6a)

(3.1.6b)
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(b) The unitary ansatz8

(3 .1 .7a)

(3 .1 .7b)

(3.1.7C)

(c) The normally ordered exponential ansatz5

(d) The biexponential ansatz13

n = exp(S) exp(<r ). (3.1.9)

The biexponential ansatz of Arponen13 is termed the extended

coupled cluster method. In its original form it is restricted to

single reference states. Its extensions to quasi-degenerate many

folds has not been discussed in the literature. As can be seen

the wave operator fi of CCM corresponds to the time-dependent wave

operator U of eq.(3.1.1). To avoid any mixing up, we continue to

use U for the time-dependent wave operator and reserve fi for the

time-independent case.

A few authors have discussed the time-dependent

generalization of the coupled cluster method16"22. Most of these

studies considered only systems with single reference state.

Arponen13 also has analyzed the time-dependent version of his

extended coupled cluster method. More recently Guha and

Mukherjee21 considered the multireference time-dependent coupled

cluster method using the normally ordered exponential ansatz.
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In the next section we analyze the subalgebra structure

in the Fock space and construct the time-dependent wave operator.

It turns out that there are several subalgebra sequences in the

Fock space that can be used to decouple the equations of motion

for the various generators. We discuss two of them: one of them

corresponds to the wave operator advocated in ref.14, while the

other gives a multi-reference generalization of the biexponential

ansatz originally proposed by Arponen.13 For simplicity, we

assume that the physical system consists of only one type of

indistinguishable particles. Extensions to systems containing

several types of particles is straight forward. In sec. 3.2 we

present the details of the Lie-algebraic structure and the

construction of the wave operator and sec.3.3 contains some

general remarks.

3.2 LIE-ALGEBRAIC STRUCTURE AND THE WAVE OPERATOR

We begin our construction by specifying the model space.

To this end, we classify the single particle states in the usual

fashion as hole, valence and particle states. We assume that the

hole orbitals are occupied in all the model space determinants and

the particle states are always empty while the valence orbitals

are occupied in some of the model space determinants. Note that

this procedure would generate a sequence of model spaces M

characterized by the projection operator P , where n is the number
n

of valence particles. In the terminology currently in vogue, all

these are complete model spaces. The corresponding complementary

spaces are represented by Vn (projection operator QJ .

We next turn to the analysis of the operator set that
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commutes with the number operator, only those operators which

commute with the number operator contribute to U. We note in

passing that the complete set of such operators is closed under

commutation and hence forms a Lie algebra LQ. Following

Kutzelnigg8 we classify this operator set as

(i) C : Set of all Closed operators. These contain valence

operators only and thus can not induce transitions

from M to V or vice versa. These corresponds to
n n

the shift operators of Chapter II.

(ii) B : Set of all operators closed from Below. The ani-

anihilation operators here are all either the Valence

or hole type. Diagrammatically all the incoming lines

are valence lines in these operators. Thus they

can cause transition from M to Vn but not vice

versa. These are analogous to the excitation

operators of Chapter II.

(iii) A : Set of all operators closed from Above. These

operators are adjoint to B type operators. These can

only cause transitions from V to M . These
n n

correspond to the deexcitaton operators.

(iv) 0 : Set of Open operators that do not belong to any of

the above sets. They contain active and inactive

lines on both sides of the vertex and they have

zero matrix elements between functions of the model

spaces.
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Our goal is to construct U such that the effective

hamiltonian H f. defined by eq.(3.1.3) does not couple functions

belonging to M and V spaces. This is equivalent to the

statement that H f f does not contain any B type operators. We

carry out this construction in a hierarchical manner. In the

first step we define

We now construct an intermediate operator H , via

and determine the unknown coefficients s requiring
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(3.2.4c)

Similarly we define A as the set of A type operators with exactly

k number of valence and arbitrary number of hole creation

operators and

(3.2.3)

(3.2.2a)

(3.2.2b)

We further classify the non-diagonal operators B and A

as follows. We define B as the set of B type operators that

contain exactly k number of valence and arbitrary number of hole

annihilation operators. Thus



This essentially requires that the coefficients of BQ type

operators in H are set equal to zero. Since the number of

operators in B equals the number of equations in eq.(3.2.4d)

these equations can be solved.

We now note that H belongs to the set of operators 1̂

= L - B . It is easy to show that L is closed under commutation
oo J 1

and hence is a Lie algebra. All the operations in L contain at

least one valence annihilation operator. Consequently, the

commutator of any pair of them would also have at least one

valence annihilation operator in it. Thus it cannot belong to the

Bo set.

In the second step we set out to eliminate the B type

operators in H]. To this end we use another operator t^:

U = expfS1), (3.2.5a)

S1 = Z sV ; bj e Bt (3.2.5b)

and construct a second intermediate operator

H2 = V"\
V1 ~ i "iV (3.2.5c)

Note that since both H^ and S1 belong to the Lie algebra L , H

contains operators belonging to L only, since the Hausdorff

multi- commutator expansion to H2 generates only those operators

of L . In other words B Q type operators do not appear in H as

long as S1 is defined by eq.(3.2.5b). The unknown parameters s1

are determined by requiring
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By this, all the operators belonging to B^ are eliminated from H2

and it is now restricted to the algebra Lg • Lt - B1« The proof

of the closure of L is analogous to the proof that L is a closed

algebra. Proceeding in this fashion we define

and determine s from

(3.2.6d)

where the governing equation for the generators Sk of each U are

given without any reference to later operators Uk+i etc.. These

remain frozen in the calculation for the states with more

particles. Note that this decoupling of the equations and the

consequent freezing of the Sk matrix elements in later
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(3.2.6b)

(3.2.6c)

(3.2.7a)

(3.2.7b)

(3.2.7c)

Each H and Sk belong to a closed algebra L = L - B and

thus H . does not contain any operators B which have been

eliminated in the earlier steps.

Carrying this procedure up to n-valence systems we

finally obtain



calculations follows from the existence of the sequence of sub

algebras L to L . Since each Sk corresponds to k valence

particles, we essentially recover the subsystem embedding

condition.

The wave operator constructed via eg.(3.2.7) converts

the hamiltonian into a block triangular form. While this is

sufficient to obtain its eigenvalues, it is not convenient to

calculate non-energetic properties or transition matrix elements.

Since the H are similarity transformations of H, it is possible

to calculate such quantities only by obtaining both the left and

right eigenvectors of H.IS While the right eigenvectors are

confined to the P space, the left eigenvectors span the full

Hilbert space. As a consequence, their calculation requires as

much effort as the corresponding full CI. For such calculations

it is desirable to construct Ĥ  that are block diagonal i.e., it

satisfies

(3.2.8)

in addition to eq.(3.1.4). We now turn to the construction of a

wave operator that satisfies such a requirement while retaining

the sub-system embedding condition. As before we define

and we require that eq.(3.2.4d) be satisfied to determine s°. We

next define
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(3.2.9b)

/ /

H belongs to the set of operators L = L - A . As before, it

can be shown that L is closed under commutation and hence forms a

Lie algebra.

In the second step we eliminate B and A operators we

define as before

and determine s coefficients by eq.(3.2.5d). We then postulate

v[ by

108

(3.2.9a)

(3.2.9c)
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(3.2.10a)

(3.2.10b)

(3.2.10c)

(3.2.lOd)

and determine c1 coefficients by requiring

and determine CT° matrix elements from



(3.2.13)

3.3. CONCLUDING REMARKS

In this chapter we have set out to develop the wave

operator based on the sub-algebraic structure present in the

operator set acting on the Fock space. Essentially we have argued

that each similarity transformation should restrict the

hamiltonian to smaller subalgebra. As a consequence, the

exponential similarity transformation generated by the elements of
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Again it can be shown that H belongs to the closed algebra L =

2 2

L2 - A . This process can be continued until all the n-valence A

and B type operators are eliminated from the final effective

hamiltonian. The final wave operator has the form
(3.2.11)

Note that for zero valence problem, this operator reduces to the

form suggested by Arponen in his development of the extended

coupled cluster method.13 The final Hk is of block diagonal form.

Hence its left and right eigenvectors are confined to the model

space. These can be used along with the effective operators

(3.2.12)

to evaluate expectation values and transition matrix elements.

Once the U is constructed and hence the various H are

defined, the dynamics within the model space are obtained from

eq.(2.2.2b). For k-particle subspace, this is given by



the smaller subalgebra does not regenerate the operators already

eliminated. This follows from the multi-commutator expansion of

the exponential similarity transformation. We have specifically

derived two forms of the wave operator. The first of them is

essentially the wave operator defined by Mukhopadhyay et al..14

The second one is a multi-determinental reference function

generalization of the extended coupled cluster method developed by

Arponen. However on an operational level our approach differs

from Arponen's work. We require that the effective hamiltonian

have no A and B type operators while Arponen advocates the use of

a bivariational principle. As a consequence, the calculation of s

and a variables is coupled in his approach. In contrast, the

calculation of s variables in our approach is decoupled from the

calculation of a variables.

Extensions of this approach to systems containing

several groups of distinguishable particles is trivially made.

The Fock space of such a super system is formed by taking the

direct product of the Fock spaces of the subsystems

(3.3.1)

Similarly the various model spaces are formed by taking the direct

products of the individual subsystem model spaces

The operator space active on the larger Fock space can be

decomposed along the same lines as discussed in the previous

section. We discuss such a decomposition for a specific example
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in the next chapter and study the performance of various levels of

approximation with a view to understand the convergence properties

of TDCCM.

A few comments on the computational aspects of the

present approach are in order. The working equations of the

MRTDCCM developed above are nonlinear. As such an exact

calculation by this approach is prohibitively costlier than a

straight forward linear basis set expansion calculations in the

same single particle basis. The major attraction that the MRTDCCM

holds is in the hierarchy of nonperturbative approximations that

can be defined. In electron correlation theories for example, it

is well known that a two-body approximation to the cluster

operator provides highly accurate results.3 However, very little

computational evidence is available in the context of

time-dependent studies. Noteworthy among them are the works of

Sebastian19 who used TDCCM approach to study electron transfer

reactions at the electrode surfaces, Durga Prasad20 and Guha and

Mukherjee21 who studied dynamics of coupled oscillators. While

these studies demonstrated the potentiality of the TDCCM approach

they are not adequate to draw definite conclusions regarding the

utility of the approach. We undertake some preliminary studies in

that direction in the next two chapters on the other classes of

systems.

We note in passing that our approach is dependent upon

the choice of the single particle basis that is used to construct

the Fock space. We term this approach as the basis set

representation of the time evolution operator. It is possible to

construct the operator set directly in terms of the coordinates

and the momentum operators of all the particles in the system.
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For a one dimensional anharmonic oscillator the Lie algebra of the

hamiltonian in such a representation is

where b and b are the usual harmonic oscillator ladder operators.

The time evolution operator can be constructed using this algebra

and its multi-dimensional generalizations. Such a study has been

carried out by Madhavi Sastry et al..22 The evolution operator in

terms of the harmonic oscillator ladder operators has the same

form as the present version in that it is normally ordered with

respect to the harmonic oscillator eigenfunctions. We term this

approach as the boson representation of the evolution operator.

Notwithstanding the similarities, the two approaches have several

differences. The hamiltonian in the boson ladder operator form in

general does not commute with the number operator, while the

hamiltonian in the basis set representation commutes. As a

consequence, the generators in the boson representation can go up

to infinite boson creation, where as in the basis set

representation N-particle excitation is the maximum possible.

Irrespective of the truncations imposed, the boson representation

incorporates contributions from all the infinite basis functions

in the Hilbert space of harmonic oscillators due to exponential
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ansatz. On the other hand, the truncations in the single particle

basis set define the limit of basis set contributions in the

present approach. However, it is possible to chose the single

particle basis set to suit the problem at hand in the present

approach, while in the boson representation the flexibility is

limited to only three variables pQ, ĝ  and w, which serve to

define the harmonic oscillator algebra.

It is also possible to develop a mixed representation in

which some degrees of freedom are described in terms of the boson

ladder operators while others are represented by an explicit

basis. Again the time-dependant wave operator can be written in

normally ordered form by analyzing the sub-algebraic structure.

We would make use of this representation also to study the

intramolecular vibrational energy relaxation (IVR) dynamics in the

next chapter and compare its performance with that of a pure basis

set representation.
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CHAPTER IV

A MULTI-REFERENCE TIME-DEPENDENT COUPLED CLUSTER STUDY OF

INTRAMOLECULAR VIBRATIONAL RELAXATION PROCESS



4.1. INTRODUCTION

The previous chapter was concerned about the

derivation of the MRTDCCM approach from the Lie-algebraic

perspective. As we noted there, very few studies have been made

to assess the validity of the approximations suggested by the

TDCCM approach in terms of the subsystem amplitudes. In this

chapter we study the validity of such approximations to Intra-

molecular vibrational energy relaxation (IVR) process.

Dynamics of a localized vibrational excitation in a

molecule when collisional and radiative interaction with the

environment are negligible can be defined as intramolecular

vibrational relaxation.1 It provides insight into many

experimental studies of unimolecular reactions and spectroscopic

observations. Classical and quantum mechanical perspectives of

such dynamics have attracted the attention of several authors

recently.1" Theories of IVR developed up to 1990 were reviewed

by Uzer.15

During the overtone excitation, a large amount of energy

is trapped in one mode. This initially excited mode relaxes into

the remaining vibrational modes of the molecule. In the

polyatomic molecules there is a possibility that the energy of

this excited mode matches with many other states and so the

oscillator strength of the overtone excitation is distributed

among the many molecular eigenstates resulting in broad spectral

bands.

In anharmonic oscillators the oscillator frequency is a

function of level of vibrational excitation and generally

decreases with increasing energy content of the oscillator.

Irreversible IVR is a consequence of sequential overlapping
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nonlinear resonances between the initially excited anharmonic mode

and the rest of vibrational modes during the course of its time

evolution. The scenario for such IVR is as follows. The active

mode is initially in resonance with one bath mode and continuously

exchanges energy with it with a Rabi frequency equal to the

coupling between the two modes. During this period its

vibrational frequency would also oscillate. When the energy

content in the active mode is lowest in this exchange its

frequency is highest and at this stage of its evolution were it to

become resonant with a third mode, it can exchange energy with

that also. As a consequence, its energy content would fall

further and its frequency increases to a larger value. A crucial

requirement for the irreversible IVR is that the secondary

increment of the active mode frequency destroys resonance between

the active mode and the first bath mode. A sequence of such

nonlinear resonances would further increase the time period over

which no recurrence would occur. In the quantum mechanical

picture the scenario continues with the>» modification that the

vibrational frequencies are replaced with zero order transition

energies between successive levels of the various modes. A

noteworthy feature of the scenario is that the resonant transfer

of energy from the active mode to bath modes at each stage is

generally a two body process.

The quantum dynamical study of IVR requires numerical

solution of the time dependent Schroedinger equation (TDSE)

ih d \j) /d t = H ill. (4.1)

The brute-force method to solve TDSE is to expand the time

dependent wave function as a linear superposition of the basis
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vectors of an appropriate Hilbert space and integrating the

corresponding hamiltonian matrix.4'8'9 The computational

resources required to solve such configuration interaction (CI)

approach increase exponentially with the number of degrees of

freedom in the system.

Recently significant progress has been made in handling

large basis sets for such calculations.4'5 Wyatt and co workers*

published a series of papers on the studies of quantum dynamics of

overtone relaxation in benzene considering various model benzene

systems. They contract the ultra large direct product primitive

spaces to smaller active spaces making use of either an artificial

intelligence (AI) tree pruning algorithm or an iterative wave

operator (WO) sorting algorithm. The exact dynamics within this

active space are then determined using recursive residue

generation method (RRGM). Through the usage of lanczos

tridiagonalization algorithms the computation and storage of all

the eigenvectors can be avoided. Marcus and co workerss employed

a modified RRGM in which even the tridiagonalization procedure is

suppressed so that the dynamics of huge systems can be handled.

Even though these AI and WO algorithms reduce the dimension of the

basis set to be handled, that reduced dimension itself is in the

order of a few thousands, which require quite high computational

resources.

Makri et al.6 developed a procedure based on path

integral formulation for the propagator when the coupling between

the active (initially excited) mode and the bath modes is linear

in the bath coordinates and bath modes are subject to harmonic

potentials.

Alternative methods which are useful in the description
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of IVR are dynamical basis set methods based either on the

semiclassical gaussian wave packet propagation (GWP)

technique16"19 or the time dependent self consistent field (TDSCF)

approximation.20 In the GWP method the wave packet is expanded

in terms of travelling gaussians18 as described in Chapter I. The

TDSE is propagated by integrating each gaussian independently.

The resulting equations for position and momentum are classical

Hamilton's equations. This gives a convenient picture to describe

the process in terms of classical trajectories. To the best of

our knowledge this method has not been used so far to describe the

IVR process. In TDSCF method each mode in the system is formally

separated and is governed by time-dependent average potential

obtained by averaging the full potential over all other degrees of

freedom. As each mode is treated individually in this approach

the correlations among the modes are not accounted for. So in

this approach the irreversible energy decay and the resonant

energy transfer can not be described properly as these phenomena

involve resonant interaction of two or more modes. To explain

these phenomena, a many body treatment is necessary. The TDSCF

has recently been extended to include such higher body effects

wherein the required configurations are added. These MCTDSCF24

versions also face the problem of exponential growth of basis for

the configuration interaction part.

The MRTDCCM25" accounts for the higher body

correlations in terms of corresponding cluster operators and is

expected to provide a good description of the IVR dynamics. In

this approach a group of strongly interacting states are

identified as model space. The full time evolution operator is

split into two parts. The first part describes the evolution of
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the projection of wave packet in the model space. The second part

which is analogous to the Moller wave operator in the stationary

state theories,29 maps the model space component to the full wave

function. An exponential ansatz is posited for the time-dependent

wave operator. The dynamics within the model space are treated

exactly and the approximations are confined to the construction of

wave operator which accounts for the weaker interaction between

the model space and the virtual space. As a consequence of the

exponential form, the generators of the wave operator are

additively separable. This allows one to decompose the dynamics

in terms of subsystem dynamics. To this end we study two model

systems using the MRTDCCM formalism.

In sec.4.2 we present the details of our first system, a

model hydrocarbon chain, construction of the evolution operator,

and dynamics and convergence properties using two representations:

One is the basis set representation and the other mixed

representation (discussed in Chapter III). In sec.4.3 we study

another system which is derived by simply considering the first

system in a radiation field of particular field strength. In the

last section (sec.4.4) we present the conclusions we have drawn on

the applicability of MRTDCCM approach for determining the IVR

dynamics.

4.2. IVR DYNAMICS IN A MODEL HYDROCARBON CHAIN

4.2.1. The System :

In this section we introduce our first system and review

its features. We study IVR dynamics in a simple hydrocarbon chain
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model developed earlier by Hutchinson et al.8"s that consists of

11 carbon atoms with a hydrogen atom attached to one of the

terminal carbons. The CC bonds are taken to be harmonic and the

CH oscillator is taken to be a Morse oscillator. The initial

conditions are defined such that the CH oscillator is in one of

its excited eigenstates at t = 0. Hutchinson et al. found that

only four of the highest frequency normal modes of the CC chain

receive energy in the dynamical flow due to nonlinear resonances

present in the system.8' So, only these four modes (M ) are

retained. In terms of these coordinates q( and momentum p the

hamiltonian is given by

where i is the harmonic mode index. D and a are the Morse

parameters for the CH bond. D = 3.647 eV and a = 1.0688 a"1 and

U is the reduced mass of CH oscillator. The remaining

parameters were taken from ref. 8 and are collected in Tab.4.1.
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Table 4.1 Oscillator parameters for C H

We next specify the basis set. The eigen functions of HQ

are the oscillator product states |m> |nt> | n^> \ n^> \r\^>, where m is

the quantum number of the Morse oscillator and n is the quantum

number of the i th harmonic oscillator. We have studied dynamics

for two initial conditions, with quantum numbers m = 4 and 5 at

t=0. We have taken M = max(m) = 4 and 5, for these two initial

conditions. Hutchinson et al.8 found that each chain mode

receives only a small amount of energy, so we take N • maxfn^ = 1

for each normal mode harmonic oscillator. The resultant basis

sets are N = 8 0 for the dynamics of |4,0,0,0,0> state and Nt =

96 for the |5,0,0,0,0> state.

The MRTDCCM is a Fock space theory. It is thus

convenient to rewrite the hamiltonian in the second quantized form

in terms of the single particle basis functions used to construct

the hamiltonian. This gives
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Here a, 0 denote vibrational mode and m, n denote the basis
+

functions of these modes. aa (a") are the usual creation and

annihilation operators associated with these functions. Fig.4.la

depicts the terms diagrammatically.

Two features of the hamiltonian are worth noting. First,

since the perturbation term V contains only momentum coupling

operators, the TDSCF would predict only trivial dynamics for this

system in which only the phase of the wave function would change

in time. Second, as noted by Hutchinson et al., several near

degeneracies exist among the zeroth order states of the system due

to the CH bond anharmonicity. For example, the |5,0,0,0,0> is

nearly degenerate with |4,l,0,0,0> and |4,0,l,0,0> states. These

states are coupled to the initial state by two body operators.

Hutchinson et al. have shown that these near degenerate states can

be put into different tiers and only states in the neighbouring

tiers (which differ in the occupation numbers of two modes) are

coupled by the perturbation (eq.(4.2.lc)). Thus an approximation

to the time evolution operator containing only two body operators

should provide a good description.

4.2.2. The MRTDCCM ansatz

We now turn to the parametrization of the time dependent

wave function in the MRTDCCM frame work. In this approach, the

wave packet <p at t = 0 is taken to be an element of a small
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subset of strongly interacting states { 0° } of the full Hilbert

space. This subspace is called as model space. This state

evolves in time under the influence of the time evolution operator

U that satisfies the TDSE

where U^ is the model space evolution operator that describes the

dynamics of component of the wave function in the model space and

U brings out admixture of model space and the virtual space.

The time dependent coupled cluster method28 posits an

exponential ansatz for the time dependent analog of the Moller

wave operator29 that maps the model space projection <p onto the

full wave function \ji

Here S is an operator that induces transitions from the model

space to the virtual space. We note in passing that our ansatz
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Within the frame work of the time dependent effective

hamiltonian theory,28'30 as described in Chapter II, U is

partitioned as

(4.2.3)u = u u ,
F M '

(4.2.4a)

(4.2.4b)



(4.2.4b) for U is somewhat different from the choice of Guha and

Mukherjee28, who prefer a normally ordered exponential ansatz

U = N [exp(S)]. (4.2.5)

The number of terms in the working equations are fewer if a

normally ordered ansatz is used for U.

4.2.3. The Model space definition and the evolution operator:

4.2.3a. Basis set representation:

We begin our analysis by classifying single particle

states as envisaged in Chapter III. As an illustrative example to

motivate the choice of our model space we have considered the

evolution of initially prepared |5,0,0,0,0>. Hutchinson et al.

found that this state is in near resonance with |4,l,0,0,0> and

|4,0,l,0,0> states. |4,0,l,0,0> state in turn interacts strongly

with |3,0,l,l,0> state and so on. A common feature of all these

states is that the Morse oscillator quantum number changes in all

of them. Thus we classify all the Morse oscillator states as

valence states, the ground states of all the harmonic oscillators

as hole states and excited states as particle states. Thus our

model space consists of all the states { |m, 0,0,0,0>;0* m* M ).

Although these states do not interact strongly we were motivated

to choose this model space because, first this model space

provides a one to one correspondence with the Morse oscillator

states. Thus it can be used to construct an effective hamiltonian

for the active mode alone. Second, all the states that are
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degenerate with the intial state can be reached via the action of

two body operators on the model space. For example, the

state can be reached by the action of the operator

|5,0,0,0,0>. (Here the superscripts indicate the

mode number, where 1 is the Morse mode and 2 to 5 are harmonic

modes. The subscripts indicate the state number). This provides

a natural cut off for making approximations to the cluster

operators at the two body operator level. Third this choice

provides a stringent test for the effective hamiltonian theory

when the wave packet makes significant excursions outside the

model space.

Following the analysis of operator manifold present in

the Chapter III we now classify the operator set for the system:

The closed operators belonging to C and C contribute to

the model space effective hamiltonian HM and thus to UM. The open

from below operators B and B contribute to the cluster operator

that generates U. Following eg.(3.2.7) U can now be written as
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The governing equations for S are decoupled from those of S due

to subsystem embedding condition. These equations are given by

It can be verified by direct substitution that U"lHUQ does not

have any B type operators. Consequently UQ= 0 and UQ = 1 for all

times. Thus

U = U . (4.2.6d)

etc.. Some of these are depicted diagrammatically in Fig.4.1b.

Derivation of the working equations for the cluster matrix

elements (eq.(4.2.7)) is conveniently carried out in diagrammatic

notation. The diagrammatic equation for is* is presented in Fig.

4.2a and is^ in Fig.4.2b. The equation for H is presented in
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(4.2.6b)

(4.2.6c)

(4.2.6d)

With our choice of the model space and the operator set,

the cluster operator S1 consists of operators that excite the bath

modes and simultaneously cause scatterings among the Morse states:

(4.2.7a)

(4.2.7b)

where



Fig. 4.1 Diagrammatic representation of (a) the hamiltonian of

system-I, (b) Ŝ  and Ŝ  operators in basis set representation.

Double arrows represent the Morse states of the CH oscillator and

the single arrows represent the particle and hole lines of the

harmonic bath modes.
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Fig.4.2a The diagrammatic representation of the equations of is

in the basis set representation of system-I.

the same as in Fig. 4.1.

The notations are
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Fig. 4.2b Continued

130



-0-5 +0-5

-0-5 +0-5

+0-5
+0-5

+ 1/4 + 1/4

Fig. 4.2b Continued
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+ 1/12

-t/6

-1/6 -1/6

-1/4 -1/12

Fig. 4.2b Continued
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+ 1/4 -1/12

-1/6

Fig.4.2b The diagrammatic representation of the equations of is1

in the basis set representation of system-l. The notations are

the same as in Fig. 4.1.

Fig. 4.2c The diagrammatic representation of H of system-i i n

basis set representation.
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The model space component of the wave function <p = P i/i is

determined from the equation

We solve the differential equations for <p and S1 and S1 using

fourth order Runge-Kutta scheme. The survival probability of the

initial state is calculated as | CM | where M is the quantum number

of the Morse vibrational state to which it is initially excited.

The expectation values of the energy in each mode are calculated

by constructing the total wave function.

4.2.3b. Mixed representation:

In this representation we treat all the bath harmonic

oscillators in terms of boson ladder operators and the Morse

oscillator in the basis set representation. The hamiltonian in

this representation is written as
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Fig.4.2c where

(4.2.7c)

(4.2.7d)

(4.2.7e)

(4.2.8a)

(4.2.8b)



F i g . 4 . 3 a
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Fig. 4.3b Continued
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Fig.4.3 The diagrammatic representation of the equations (a) is

and (b) is1 in the mixed representation of system-I. The circle

represents the hamiltonian vertex and dot represents the cluster

operator vertex. Wiggly line represents a bosonic propagator and

the straight line represents the morse propagator. Since all the

lines move to the left no arrows have been used.
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where a is the bath mode. We continue to use the same model space

as in the previous study. The operator analysis holds here also,

and only t̂  is required for obtaining the dynamics. The cluster

operator S1 of eq.(4.2.6c) in this representation is

etc. Here m, n are the Morse oscillator basis functions. The

governing equations for sj and S1 are presented in the

diagrammatic notation in Fig.4.3. The survival probability of the

initial state is calculated in a similar manner as in the basis

set representation.

4.2.4. Dynamics and Convergence:

We first present the results of the dynamical

calculations for survival probability of the initial state in the

basis set representation. The survival probability when the

initial wave packet is |4,0,0,0,0> is presented in Fig.4.4. The

MRTDCCM calculations were carried out at S 1 = S1 and S1- Sl + S1

approximations. We have also carried out a MRTDCCM calculation

with normally ordered exponential wave operator28 at Sl= Sl level

for comparison. The working equations for this calculation are

obtained by dropping the S-S contraction terms in the ordinary

exp(S) theory. As can be seen from Fig.4.4 the MRTDCCM at S1* S*

level provides a very good description of the irreversible decay
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of the initial state, and the inclusion of the three body operator

improves the result. In contrast, the normally ordered ansatz

shows artificial recurrences as early as 4 vibrational periods.

As is well known, the usage of normally ordered exp(S) ansatz with

the two body approximation is equivalent to carrying out the

dynamical calculations in a limited basis consisting the model

space and all the singly excited states generated from it for the

one valence problem.32 This limited basis set is the origin of

these recurrences. In the ordinary exp(S) theory on the other

hand 2, 3 and 4 body excitations also influence the dynamics due

to S-S contractions, though the coefficients of such

configurations are parametrized as products of the lower rank

excitation operators.

Survival probability corresponding to the initial state

|5,0,0,0,0> is presented in Fig.4.5 . The trends in this case are

similar to those in Fig.4.4. However, after about 5 vibrational

periods the survival probability starts increasing when ordinary

exp(S) ansatz is used. We traced this artificial rise to the

violation of norm in the MRTDCCM approach. The MRTDCCM uses a

similarity transformation to map the model space component of the

wave function to the exact wave function. As noted in the ref. 30

and in Chapter II, the similarity transformation based methods are

prone to norm violations due to intruder states that develop

complex eigenvalues when the approximations invoked violate the

hermiticity of the hamiltonian.

The energy in the Morse oscillator with the initial state

|4,0,0,0,0> is plotted in Fig. 4.6. As may be seen the trends are

similar to Fig. 4.4 in that the ordinary exp(S) theory performs

better than the normally ordered exp(S) theory and the inclusion
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30.0 50.0 70.0 90.0
Time (eV)

fig- 4.4 The survival probability of the initial state

|4,0,0,0,0> in system-l in the basis set representation.

Continuous line: the basis set exact results. Dashed

line:normally ordered MRTDCCM calculation at S1 level. Dash and

dotted line: Ordinary MRTDCCM at Ŝ  level. Dash and double

dotted line: MRTDCCM at S1 level of approximation.
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30.0 60.0
Time (fs'

90 .0

Fig. 4.5 The survival probability of initial state |5,0,0,0,0>

in system-I in the basis set representation. The figure

conventions are the same as in Fig.4.4.

141



10.0 20.0 30.0 40.0 50.0
Time (fs)

Fig. 4.6 The energy of the CH mode when ' the initial state is

|4,0,0,0,0> in system-I in the basis set representation. The

figure conventions are the same as in Fig. 4.4.
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10.0 20.0 30.0 40.0 50.0
Time (fs)

Fig. 4.7 The energy of the Morse mode when the initial state is

|5,0,0,0,0> in system-I in the basis set representation. The

figure conventions are the same as in Fig.4.4.
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30.0 60.0
Time (fs)

90 .0

Fig. 4.8 The survival probability of the initial state

|4,0,0,0,0> in system-I in the mixed representation. Continuous

line: Exact calculation. Dashed line: ordinary MRTDCCM at the

S1 level. Dash and dotted line: S1 level.
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Fig.4.9 The survival probability of the initial state |5,0,0,0,0>

in system-I in the mixed representation. The figure conventions

are the same as in Fig. 4.8.
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Fig.4.10 The survival

|5,0,0,0,0> in system-I.

Dashed line: MRTDCCM at S

probability of the initial state

Continuous line: Exact calculation,

level in the mixed representation.

Dash and Dotted line: MRTDCCM calculation at S1 level in the basis

set representation.
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30.0 60.0
Time (fs)

90 .0

Fig.4.11 The survival probability of the initial state

|5,0,0,0,0> in system-I. Continuous line: Exact calculation.

Dashed line: S1 approximation in mixed representation. Dash and

dotted line: S approximation in the basis set representation.
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of the three body operator improves the agreement with the exact

result in the correct direction, extending the range over which

the ordinary MRTDCCM is accurate. However, after about four

vibrational periods the energy content in the Morse oscillator

starts increasing, again due to norm violations. Similar trends

are also seen in the energy of the Morse oscillator when the

initial state is |5,0,0,0,0> (Fig. 4.7).

The survival probability when the initial wave packet is

|4,0,0,0,0> calculated using mixed representation of MRTDCCM

formalism is presented in Fig.4.8. These calculations are carried

out at Sl= sj and Sl = sj + S1 approximations and are compared

against exact calculation. The result of S1 approximation itself

is in very good agreement with the exact calculation and with the

inclusion of S^ operators the result is exactly coincident with

the exact calculation within the drawing accuracy. The survival

probability when the initial state is |5,0,0,0,0> presented in

Fig.4.9. Again S1 approximation is quite good and the S1

approximation, while not exactly coincident with the exact

calculation, is very close to it.

A comparative study of the convergence of the basis set

representation and the mixed representation are made in the

Figs.4.10 and 4.11. Fig.4.10 compares the plots of survival

probability when the initial state is |5,0,0,0,0> of exact

calculation, S^ approximation of the basis set representation and

S1 approximation of the mixed representation. After 60 fs S1

approximation of basis set representation calculation blows up due

to the norm violation effects, whereas the S* approximation of the

boson representation is closer to the exact calculation for a much

longer time. Similar trends are seen in the Fig.4.11, which
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Fig.4.12 The additional diagrams that con* for system-II. (a)

Hamiltonian part and (b) the extra terms the- add to is1 equation

in Fig.4.2a. (c) the extra H diagram that >̂ d to Fig.4.2c. The

notations are the same as in Fig.4.1.



4.3. IVR DYNAMICS IN MODEL SYSTEM-II

4.3.1. The System :

This model system is obtained by assuming that C-H

oscillator of system-I is driven by an external radiation field.

The hamiltonian of this system consists of one additional term V

to the hamiltonian of the first system H.

where A is the field strength and w is the frequency of the

radiation field. Fig4.12a depicts V diagrammatically. In our

calculations we have set equal w such that the initial state

|0,0,0,0,0> is in 4:4 resonance with the final state |4,0,0,0,0>.

The calculations are carried out in the basis set representation

and the cluster expansion is truncated after Sz approximation.

The additional diagrams that come for iS2 for this system are

shown in Fig.4.12b and additional H diagram in Fig.4.12c.

4.3.2. Dynamics and Convergence:

We have computed the survival probability of the initial

state, the probability in the final state and the energy of the

Morse mode using MRTDCCM at S = Ŝ  approximation. In Fig.4.13 we

have plotted the survival probability of the initial state as a
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(4.3.1)

compares the calculations of exact, S1 approximation in the basis

set representation and S1 approximation in the mixed

representation.

V = A q cos(w t) ,
Ln r



50.0 100.0 150.0
Time (fs)

Fig.4.13 The survival probability of the inital state in system-

II with the basis set representation. Continuous line: Exact

calculation. Dashed line: Normally ordered MRTDCCM at S1 level.

Dash and dotted line: Ordinary MRTDCCM with S1 approximation.
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50.0 100.0 150.0
Time (fs)

Fig.4.14 The survival probability of the final state in system-

II in the basis set representation. The figure conventions are

the same as in Fig. 4.13.
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50.0 100.0 150.0
Time (fs)

Fig.4.15 The energy of the Morse mode in system-II in the basis

set representation. The figure conventions are the same as in

Fig.4.13.
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function of time obtained using ordinary MRTDCCM and the normally

ordered MRTDCCM for this system. Both the calculations provide a

very good description of the decay of the probability and are in

good agreement with the exact calculation up to about 100 fs. In

contrast to the results of system-I the normally ordered version

provided equally good convergence for this system. The

probability of the final state plotted in the Fig.4.14 also showed

similar trends.

In Fig. 4.15 we plot the energy of the Morse mode as a

function of time for this system computed in the ordinary and the

normally ordered versions of MRTDCCM at S = S1 approximation.

Both the calculations provided converged values of energy up to 40

fs. After 40 fs both the calculations deviate from the exact

calculation but the ordinary MRTDCCM deviates more because of the

norm violation effects which are inherent for this formalism.

4.4. Concluding Remarks

In the application of MRTDCCM approach where the basis

set representation is used for the system-I, for the initial

conditions that we have studied, only a very small part of the

wave packet resides within the model space by about 3 to 4

vibrational periods and there are no significant recurrences up to

about 10 vibrational periods. This rapid and irreversible decay

is due to the presence of several overlapping nonlinear

resonances. All these resonances involve only two modes at a time

i.e., the CH mode and one of the bath modes. With respect to the

model space however, they appear as multi-mode resonances. Thus a

CI based approach requires the inclusion of multi mode excitation
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1000 2000 3000 4000
T ime (f s)

Fig.4.16 The C-H chromophore population in CD.H by TDSCF. The
initial state was 6i> .
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operators in U for converged results. The MRTDCCM approach with

ordinary exp(S) ansatz is able to provide an adequate description

of IVR at two body level even in this case since it simulates the

3, 4 body excitations as products of S1 operator. Beyond about 4

vibrational periods the inherent weakness of the method i.e. the

development of the intruder states with the complex eigenvalues

mars its performance. If the model space is chosen judiciously so

as to include all the strongly interacting states, its performance

is expected to improve. The ideal model space should contain all

the degenerate and quasi-degenerate modes. For example, in a

recent study of IVR in CD H it was found that the initially

excited CH stretch correlates strongly with doubly degenerate v

mode due to 2:1 Fermi resonance. We have carried out a TDSCF

study of the chromophore population for this system (Fig.4.16).

The chromophore population decays slowly during the first few

hundreds of femto seconds for this system, while TDSCF does not

show any such decay, because of its inability to handle nonlinear

resonances. lung and Leforestier found that major contribution

to this comes from only first and fifth modes. Thus if the model

space is chosen to contain all possible configurations of these

two modes we expect an MRTDCCM approach would provide a good

description of over all dynamics of the system. Similarly, in a

recent study Wyatt and coworkers4 found that the dynamics of 21

mode benzene model system is well reproduced by reduced mode ( 4

or 5 active modes) quantum models, with the rest of the modes

interacting weakly. Again a model space chosen to span all the

active modes and the effect of the rest of modes being accounted

by the wave operator should provide a quantitative description of

the system.
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The normally ordered exp(S) ansatz does not suffer from

the intruder state problem. However, since it is equivalent to a

limited basis set theory, it is clearly not converged in the basis

and would require the inclusion of higher rank operators just as

in CI. The mixed representation reproduced the survival

probabilities very well for longer times than the basis set

representation, because it effectively includes the full basis of

the harmonic oscillator modes.

In the second system within the time scale of our study

the many body interactions are not playing major role and so the

ordinary MRTDCCM is not producing improved results over the

normally ordered MRTDCCM.
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CHAPTER V

A TIME-DEPENDENT COUPLED CLUSTER METHOD

STUDY OF NONADIABATIC DYNAMICS



5.1. INTRODUCTION

In the previous chapter we have studied the intra-

molecular vibrational energy transfer in some model systems using

MRTDCCM formalism. In this chapter we study the applicability of

TDCCM to study the electronic-vibrational energy transfer in

systems containing nonadiabatically coupled potential energy

surfaces. The nonadiabatic dynamics on coupled electronic

surfaces have attracted much interest recently. "' This is due

to the fact that these nonadiabatic effects are associated with

many chemically interesting phenomena such as the nonradiative

decay of excited electronic states, chemiluminescence in atom -

atom and atom - molecule inelastic collision processes etc. The

nonadiabatic effects arise when the adiabatic approximation is

violated.

In the adiabatic or Born-Oppenheimer approximation the

nuclei are considered to be stationary when solving the electronic

problem. The electronic wave functions and state energies depend

parametrically on the nuclear coordinates. The dynamics of the

nuclei are generated by a matrix hamiltonian in which the

electronic state energies appear in the diagonal elements and act

as the potential energy for the nuclei while the matrix elements

of the nuclear kinetic energy operator between different

electronic states provide the off diagonal couplings. It is

commonly assumed that dynamics of nuclei are confined to a single

electronic potential energy surface. This is the crux of the

adiabatic approximation. This adiabatic approximation is valid
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only when the electronic states are well separated in energy

compared to the spacings associated with nuclear energy levels.

When the potential energy surfaces of different electronic states

are close in energy the residual coupling of the nuclear kinetic

energy operator between such states becomes significant. The

effects associated with this situation are called as nonadiabatic

effects. It is convenient to treat the nonadiabatic effects in

diabatic basis.1'22 In this basis a complete set of electronic

wave functions are defined such that the nuclear kinetic energy

operator is diagonal in them, however, the electronic hamiltonian

is not diagonal in this basis, and thus provides both diagonal and

off-diagonal coupling matrix elements to the nuclear matrix

hamiltonian. In this basis the matrix hamiltonian for the nuclear

motion is written as

Here 0 (r,Q) are diabatic wave functions.
n

The hamiltonian H in eq.(5.1.1) is an infinite

dimensional matrix operator. In most situations only a few

electronic states interact strongly. Consequently only such

states are included and a finite dimensional matrix operator is

used to approximate H. For studies of spectroscopic interest,
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where T^ is the diagonal kinetic energy operator and W(.Q) matrix

elements are defined as

(5.1.2)

(5.1.1)



further approximations are made. For example expanding W(Q) as a

Taylor series around the ground surface equilibrium geometry and

truncating after linear term in Q, results in the linear coupling

model. In this model the terms in the hamiltonian matrix elements
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(5.1.3a)

(5.1.3b)

Here the energies E are constants and are given by W (Q) . k<n)
n nn 5

are intrastate electronic-vibrational energy coupling constants

and X "'' are interstate coupling constants. In general these

coupling constants are determined by ab initio methods. Generally

totally symmetric normal modes give rise to nonzero intrastate

coupling constants and the nontotally symmetric modes to nonzero

interstate coupling constants. The totally symmetric modes

modulate the energy separation between the electronic states and

are termed as tuning modes and the nontotally symmetric modes are

termed as coupling modes.

The use of diabatic basis is particularly

advantageous when the potential energy surfaces of the concerned

electronic states become degenerate in the n-dimensional normal

coordinate space forming a conical intersection.1'23 The main

reason for this is the complicated behaviour of the matrix

elements of nonadiabatic coupling operators in the vicinity of

avoided crossings. These elements are principally singular at the
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point of intersection and show rapid oscillations near it and thus

are difficult to handle numerically.22'23 On the other hand the

coupling matrix elements are well behaved in the diabatic basis

and can often be modeled in terms of simple functions of nuclear

coordinates. The linear coupling model defined above is an

example of such simple parametrization and is quite successful in

providing interpretation for several spectroscopic studies.

The standard theoretical method to obtain the

nonadiabatic dynamics is the time-independent approach based on

the Ritz-variational principle. In this method one constructs the

hamiltonian matrix in a basis formed by the product functions of

electronic and vibrational states of the uncoupled system. This

hamiltonian matrix is then diagonalised to give the eigen values

and eigenvectors. The required physical quantities are then

determined from these. The computational requirement for the

diagonalization procedure goes as N , where N is the dimension of

the hamiltonian matrix. Moreover the number of basis functions

needed to treat a coupled d degree of freedom problem is

proportional to M , where M is the number of basis functions for a

typical one degree of freedom problem. A more efficient procedure

is to directly integrate the TDSE in the zeroth order basis

without prediagonalising the hamiltonian. Since this involve

multiplication of the wave function with the hamiltonian matrix at

each step, the computational effort scale proportional to N2. In

addition the hamiltonian matrix of the nonadiabatic problems are

often quite sparse. Utilizing this the matrix multiplication can

be reduced to 0(N) process. Several authors have reported such
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dynamical calculations.1"7 Though these methods are dependable

the basic problem is that the size of the Hilbert space scales

exponentially as Md thus making it difficult to study systems with

more than four degrees of freedom. Alternative methods

developed for the problem are time-dependent perturbative

approach,8'9 semiclassical methods, the time-dependent self

consistent field (TDSCF) method13" and the path integral

methods18'19 etc.. The time-dependent perturbation theory

separates the electronic hamiltonian into an uncoupled hamiltonian

H and the perturbation V and develops power series expansion for

the evolution operator in terms of the nonadiabatic coupling

constant. Coalson and Kinsey8 have applied this method to a two

state one vibrational mode model system and concluded that it

breaks down in the strong coupling limit and for the long time

dynamics.

Meyer and Miller10 have developed a classical analog for

electronic degrees of freedom. In this method one constructs the

electronic hamiltonian matrix formed by the electronic states

whose elements depend on the nuclear coordinates. The equations

for the electronic motion are obtained by solving the TDSE where

the nuclear coordinates are taken to be time-dependent and the

nuclear motion is treated classically. This method is

computationally simple to implement. Meyer10 used it to calculate

the nonradiative decay rates in C^^ cation. Zwanziger et al.u

performed a semiclassical quantization of classical analog model.

Application of this method to E®e Jahn-Teller problem in the

region of linear coupling provided results in good agreement with
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exact quantum mechanical solution. Recently Stock and Miller12

developed a classical model based on the Meyer and Miller10

framework of the classical electron analog model for the

determination of nonadiabatic excited state dynamics. The method

is tested for the four-mode model of the S2-Sj intersection in

pyrazine and on 3 state, 5-mode and 5-state, 16-mode models of

benzene cation. This method reproduces the qualitative features

of time and frequency resolved absorption spectra as in the exact

quantum mechanical calculation.

The TDSCF method13" ' has been used by few authors to

study the nonadiabatic dynamics. The computational effort in this

approach scales linearly with the number of vibrational modes. As

the TDSCF method does not account for the correlations between the

modes it is not dependable in the long time limit and is reliable

only for the short time dynamics where the correlation effects are

negligible.

Another approach which is used in determining the

nonadiabatic dynamics is the path-integral formulation. Coalson

used the path-integral framework for spin-boson model problem and

found that the spectroscopic observations can be obtained even in

the strong coupling regimes using this formulation. A rigorous

path-integral approach for determining the nonadiabatic dynamics

of the linear coupling model was recently developed by Domcke and

co workers. The time-dependent correlation functions are

expressed as sums over all possible paths and for each electronic

path the multi-mode vibrational propagator factorizes into a

product of single-mode propagators. The summation over paths is
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replaced by summation over classes as a practical approximation.

The propagator averages are calculated by recursive scheme. The

calculations they have presented are for four-mode and twenty

four-mode pyrazine models. In this method the numerical effort

rises only moderately with the number of modes and so is useful

for studying the many-mode systems.

These studies provided some qualitative aspects of the

results of the nonadiabatic effects in the systems having

conically intersecting potential energy surfaces. In these

systems the electronic dynamics in a femtosecond time scale are

driven by the velocity of the coherent motion in the tuning modes.

This dependence induces a slower vibrational dephasing process

which destroys the coherence of vibrational motion. When this

dephasing is completed the electronic populations are trapped on

the lower surface and the electronic decay becomes irreversible.

Recently Sastry et al.20 ' studied the dynamics of the

linear coupling model using time-dependent coupled cluster method.

In this study, a mixed representation was used in which all the

normal modes were represented by boson ladder operators, while the

electronic degree of freedom subsystem was represented in a basis

set in a manner very similar to the mixed representation we used

for the IVR of system-I in Chapter IV. All states in which the

vibrational mode states were v=0 states were included in the model

space. The method is quite good for short time dynamics and

yields qualitatively correct spectra even when the cluster

operator is restricted to have no more than one boson creation

operator. At longer times however, the working equations became
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stiff and can not be integrated.

Since the MRTDCCM approach in the boson operator

representation is not able to provide long time dynamics, we

wished to see if TDCCM in a basis set representation is able to

provide a better representation. It turn out that TDCCM using

stationary basis functions also suffers from the same problems

that MRTDCCM approach of Sastry. However doing TDCCM in dynamical

basis generated by TDSCF procedure eliminates the stiffness of the

equations and we could carry out the calculation for long periods.

To test the potentiality of the method we have done some model

calculations. We present the working equations in sec.5.2 and the

model calculations in sec.5.3. In sec.5.4 we have drawn some

conclusions on the validity of the approach for the present

problem.

5.2. THEORETICAL FRAMEWORK

5.2.1 Model hamiltonian

We model our systems such that only two electronic

states belonging to different irreducible representations and

n-vibrational modes are relevant for the dynamics. We impose

following simplifications on our model. The model hamiltonian is

constructed in the diabatic electronic basis. The harmonic

approximation is invoked for the diabatic potential energy

surfaces and the vibrational frequencies in all the unperturbed

surfaces are assumed to be equal. The interstate and the

intrastate coupling constants are approximated by linear terms in
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the normal coordinates. After these simplifications the model

hamiltonian for the two state n-mode system can be written as
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(5.2.la)

(5.2.1b)

(5.2.1c)

where i is the electronic state and n represents the vibrational

mode. Here p , q are the momentum and position operators of the
n n

nth vibrational mode, w are the associated frequencies, k and
n In

X are the intrastate and interstate coupling constants

respectively. The modes which contribute to A are called as

coupling modes and the modes which contribute to k are tuning

modes.

In this nonadiabatic problem the coupling mode and the

electronic degrees of freedom interact strongly so we treat them

as a single subsystem. The resulting hamiltonian for the system

can then be written as

(5.2.2a)

(5.2.2b)



Here H e c is the hamiltonian corresponding to coupling mode

electronic degree subsystem and H is the hamiltonian for the

tuning modes. We now define the basis functions required. For

the tuning modes we utilize the harmonic oscillator eigen-

functions centered at the origin and their width parameters were

chosen to match the frequencies of the ground surface. For the

coupling mode electronic degrees subsystem the basis functions are

{|e > 10C>; i=l,2;0s n s « ). As long as the two electronic states

concerned belong to two different irreducible representations,

this space can be separated into different symmetry spaces.

Depending on the initial conditions (i.e. the electronic surface

on which the wave packet starts at t=0) the dynamics would be

confined to one or the other subspace. Thus it is sufficient to

consider any one of the two subspaces. Note that the harmonic

oscillator eigenfunctions with even quantum number are always

totally symmetric, while those of the odd quantum number belong to

the same irreducible representation as the normal coordinate

concerned. Since the coupling coordinate belongs to the direct

product symmetry of the two electronic states, the two subspaces

have exactly the same number of functions as the harmonic

oscillator Hilbert space and thus are labeled by harmonic

oscillator quantum numbers alone. The initial conditions then

uniquely determine the electronic state associated with each

vibrational state. We have used these subspaces in our

computations. The diagrammatic notations for the hamiltonian
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terms in this basis are presented in Fig.5.la.

5.2.2. TDCCM ansatz:

We now turn to the parametrization of the time-dependent

wave function in the TDCCM framework. The wave function ip is

written as

Since we are interested primarily in the spectroscopic properties

of the upper surface of the two interacting electronic states, the

initial state is the vibration less state of the electronic ground

state transported vertically on to the upper surface. Thus we

take the CCM reference wave function <p to be

Here m and n are the basis function indices.
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(5.2.3)

(5.2.4)

Based on the operator manifold analysis of Chapter III

the operator sets for the model problem are identified. Since the

model space contains zero valence particles, only C and B type

operators sets are necessary for obtaining the dynamics in this

model.



Fig.5.1 (a) The diagrammatic representation of hamiltonian terms.

In the diagrams from iv to vii the top line is always ec subsystem

mode and it is diagonal. (b) The diagrammatic notations for the

cluster operators S^, S2.
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The model space evolution operator can then be written

TDCCM24 posits an exponential form to the evolution

operator. U can then be written as

The cluster operator S° is expanded as

(5.2.5d)

where i,j,m,n are defined as earlier and the subscript 0 indicates

the hole state. Some of these are depicted in the Fig.5.1b. The

working equations are then derived from the equations

173

a s
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( 5 . 2 . 5 b )

(5 .2 .5c)

(5 .2 .5e)
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for S°. Derivation of the working equations is once again carried

out in the diagrammatic notation and the resulting equations for

iS°, iS° and iS° are presented in Fig.5.2a, Fig.5.2b and Fig.5.2c

respectively. These differential equations are integrated using

fourth order Runge-Kutta scheme. The equations became stiff in a

very short period of time and we could not get enough information

to obtain the sufficiently resolved spectra. In view of the

failure of this single reference TDCCM the other alternative that

strikes is the MRTDCCM formalism.

As discussed in the previous chapter the MRTDCCM25'26

generates all the higher body excitations from the multi-reference

initial state. From the work of Madhavi Sastry201 ' on the same

nonadiabatic model problem it was known that the MRTDCCM equations

are more flexible than the single reference TDCCM equations but

the long time dynamics (beyond 50 fs) can not be obtained even in

this formalism.

In these two formalisms the dynamics are obtained by

following the evolution of initial state within the TDCCM or

MRTDCCM framework but using static basis functions. One problem

in using the static basis functions is that the wave packet leaves

the model space in exceedingly short time and the nonadiabatic

coupling terms are quite large. As a consequence the intruder

states with complex eigenvalues become important even in short

time dynamics. This problem can be circumvented by using the

dynamical basis sets in terms of which the reference state used in

TDCCM has significant overlap with the exact wave function over

long periods. Over the last few years several authors have
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Fig.5.2 Continued
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Fig.5.2 The diagrammatic representation of the equations for (a)
iS° (b) iS° and (c) is°.
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discussed the advantages of these dynamical basis functions.

We specifically use the basis functions generated by TDSCF

approach for this system. The TDSCF calculations for this

problem are already done in our group and from these calculations

we knew that it performs quite well up to about lOOfs. With this

background we have considered the TDSCF calculation to generate a

dynamical basis to perform TDCCM calculation. In the following

section we obtain the working equations in this formalism.

5.2.3. TDCCM in dynamical basis generated by TDSCF method:

We continue to consider the coupling mode and the

electronic degree freedom as a single subsystem. The TDSCF

function (j> is written as

Here the functions 0̂  and tfi are determined by TDSCF method. The

working equations for this part are obtained by considering the

trial wave function as in eq.(5.2.7) and by employing the Frenkel

variational principle <50|H - ia/5t|0> = 0. The equations for <t>

and <p are
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(5.2.7)

(5.2.8a)

(5.2.8b)

where



(5 .2 .8c )

The initial conditions for eq.(5.2.9) are chosen such that all

0ln) are the eigenfunctions of the decoupled oscillators at t=0.

Consequently they are orthogonal at t=0 and continue to be

orthogonal through out their evolution since hSCF are hermitian

operators.

We now invoke the TDCCM ansatz. The SCF solution for

the vacuum state is taken to be the reference state for the CCM

calculations. As a consequence, the operator space analysis of

the previous section is valid here also. However, the single

particle creation/annihilation operators are now explicitly

time-dependent and obey

This introduces an additional term in the working equations.
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(5.2.8d)

(5.2.8e)

(5.2.10a)

(5.2.10b)

(5.2.9)

The TDSCF hamiltonians are then used to generate the dynamical

basis functions



179

Fig.5.3 The diagrammatic representation of the equations for (a)

iS° (b) iS°in the DYTDCCM formalism. Note that the two body

vertex is not necessarily diagonal in ec subsystem in the

dynamical basis unlike in the stationary basis.

(b)



We approximate the one body cluster operator S to zero

because the TDSCF method effectively accounts for the one body

part of the hamiltonian. Now for the operators S and S we solve

the eq. (5.2.6). The diagrammatic representation of the equations

for is0 and is0 are presented in Fig. 5.3. We have calculated

modulus of auto correlation function and the spectra of few model

systems. The modulus of auto correlation function represents the

probability amplitude that the system after time t is still in the

initial state. The spectrum is obtained by Fourier transforming

the respective auto correlation functions.

The autocorrelation function is defined as

In our computations we have approximated this to

to avoid the construction of the full wave function exp(S ) \<p >.

The model applications and the results are presented in the next

section.

5.3. MODEL APPLICATIONS AND RESULTS

Calculations were carried out on four model systems:

(1) 3-mode ethylene cation, (2) s., surface of 3-mode model
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pyrazine, (3) S surface of 4-mode model pyrazine , (4) Sz

surface of 24-mode model pyrazine by TDCCM frame work using the

dynamical basis generated by TDSCF and compared with the TDSCF

results. We refer our former approach as DYTDCCM from now

onwards. The energies of the electronic states, the frequencies

and the coupling constants of the vibrational modes we have taken

from the literature and are collected in Tab. 5.1.

The parameters k are the intrastate coupling constants

and \ is the interstate coupling constant and w are the

corresponding frequencies. c are the energies of lower and upper

electronic states.

The results of calculations on the 3-mode ethylene

cation are presented in Figs.5.4 and 5.5. In the TDSCF

calculations 22 functions were used to represent the coupling mode

and the tuning modes were propagated by GWP. As noted in ref.17

the tuning modes experience harmonic potentials in the SCF

approximation and so GWP is exact for these. For the coupled

cluster calculations 5 of the lowest energy functions were used

for each mode.

In Fig.5.4 we have plotted the modulus of

autocorrelation function (ACF) against time for the 3-mode

ethylene cation calculated in the two formalisms DYTDCCM and

TDSCF. For comparison the results of the exact calculations taken

from ref.2 are inserted. The initial very fast decay is

reproduced by the two formalisms to a very good extent. The

amplitude is very small through out its evolution which is

generally associated with nonradiative decay process.35 The ACF
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by DYTDCCM is generally smaller than by the TDSCF calculation.

Table 5.1 Parameters used in the model systems:

(All quanitities are in eV.)

continued

182



183



and is closer to the exact calculation of ref.2 (insert a in the

Fig.5.4) .

Fig.5.5 is the photoelectron spectrum of the ethylene

cation second band. The inserts are again from ref.2. Due to the

large energy gap of 1.9 eV of the two interacting states the

spectral bands are well separated. The gualitative spectrum is

reproduced by these two formalisms, but the gross structure of the

band is missing in the two formalisms.

In Figs. 5.6 and 5.7 we present the results of the

calculations carried out on 3-mode pyrazine. The basis is similar

to that used for the ethylene cation. In Fig.5.6 we have plotted

the modulus of ACF verses time calculated for S state by DYTDCCM

and TDSCF formalisms. The insert is from ref.36. The modulus of

ACF is correctly reproduced upto 60 fs by the two formalisms.

Beyond this DYTDCCM fails to gain any value and continues to be

almost negligible. The underestimation of the modulus of ACF by

DYTDCCM is probably due to the term we have neglected in the

computation of autocorrelation function. The TDSCF also deviates

from the exact calculation, for example around 100 fs the exact

calculation fluctuates with the value of 0.1 but the TDSCF shows a

sudden rise up to 0.3.

Fig.5.7 is the corresponding absorption spectrum of

3-mode pyrazine upper surface. The inserts are from the

calculation of Schneider et al.s We can clearly see that the

TDSCF spectrum is diffuse and structureless, whereas the DYTDCCM

shows the humps which appear in the model exact spectrum (insert

b) indicating that DYTDCCM at S2 level is a better approximation
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Fig.5.4 The modulus of ACF in 3-mode ethylene cation. Continuous

line: DYTDCCM calculation. Dashed line: TDSCF calculation. The

insert (a) is the exact calculation and (b) in the absence of

vibronic coupling. The inserts are from ref.2.
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Fig.5.5 The photoelectron spectrum of ethylene cation second

band. The figure conventions are the same as in Fig. 5.4. The

inserts are the corresponding calculations of inserts of Fig.5.4

taken from ref. 2.
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Fig.5.6 The modulus of ACF of S2 state of 3-mode pyrazine.

Continuous line: DYTDCCCM calculation. Dashed line: TDSCF

calculation. The insert is form ref.36. Of the two lines of the

insert continuous line: the exact calculation and the dashed

line: when \=0.
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Energy (eV)

Fig.5.7 The absorption spectrum of S state of 3-mode pyrazine.

The figure conventions are the same as in Fig.5.6. The inserts a,

b, are the experimental, exact quantum mechanical calculations and

c is in the absence of vibronic coupling,A=0. The inserts are

from ref.5.
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than TDSCF.

In Fig. 5.8 we plot the modulus of ACF for S state of

the 4-mode pyrazine37 calculated by DYTDCCM and TDSCF formalisms

in the same basis as above. Both DYTDCCM and the TDSCF

calculations show initial very fast decay and continues to

fluctuate with a variable small value through out the evolution.

Fig.5.9 is the corresponding absorption spectrum by the two

formalisms. The inserts a and b are the exact and the path

integral results adapted from ref.19. The TDSCF spectrum is just

a broad band while the DYTDCCM calculation produces the

qualitative features of the spectrum correctly.

In Figs. 5.10 and 5.11 we present the results of the

calculations done for 24-mode pyrazine. The SCF calculation was

similar to those reported above. In the TDCCM calculation we have

used a smaller basis. The first four modes were represented by 5

SCF functions each as in the previous case and the remaining

twenty modes were represented by 2 functions each. In Fig.5.10 we

plot the modulus of ACF for S state of 24-mode pyrazine by

DYTDCCM and TDSCF calculations. The insert is the path integral

calculations taken from ref.19. The initial very fast decay is

similar to that in the 4-mode pyrazine in both the calculations.

In the long time limit the DYTDCCM result is strongly damped

similar to the path-integral calculation.19 The TDSCF calculation

does not show this strong damping. In addition, TDSCF shows

strong recurrences at earlier times that are absent in the exact

result. The DYTDCCM formalism corrects these anomalous

recurrences. Fig.5.11 is the corresponding absorption spectrum of

189



25 .0 50 .0 75 .0 100 .0
T ime (f s)

Fig.5.8 The modulus of ACF of S state of 4-mode pyrazine.

Continuous line: DYTDCCM calculation. Dashed line: TDSCF

calculation.
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Fig.5.9 The absorption spectrum of S state of 4-mode pyrazine.

The figure conventions are the same as in Fig.5.8. The insert a

is the exact spectrum and b is the path integral calculation.

These are taken from ref.19.
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Fig.5.10 The modulus of ACF of S state of 24-mode pyrazine.

Continuous line: DY TDCCM calculation. Dashed line: TDSCF

calculation. The insert is path-integral calculation (ref.19).
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Fig.5.11 The absorption spectrum of S2 state of 24-mode pyrazine.

The figure conventions are the same as in Fig.5.10. The insert is

again path-integral calculation (ref.19).
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S state of 24-mode pyrazine obtained by DYTDCCM and TDSCF

formalisms. Insert a is again the path integral calculation19 and

insert b is the spectrum calculated with X=0 by path integral

calculation. The DYTDCCM qualitatively reproduced the spectrum as

in the path integral calculation but it differs in the sense that

the sharp humps in the path integral calculation are slightly

broadened in our calculations.

5.4. CONCLUSIONS

In this chapter we have studied the applicability of

TDCCM approach for the description of nonadiabatic dynamics. Our

goal was to see whether the TDCCM can provide a qualitatively and

quantitatively correct description of the dynamics for this class

of systems even with low order truncations. If it can provide

such a description, what would be the best basis in which such

calculations can be carried out, at what order should the cluster

operator be truncated and which configurations should be included

in the model space. These systems differ from the system studied

in Chapter IV, in that it is known17 that TDSCF provides a good

description for these systems unlike the IVR problem studied

there, for which TDSCF gives trivial dynamics. Secondly, there

are no dominating resonance sequences in these systems.

To find answers to the questions posed above, we have

made two sets of calculations. Since no degeneracies exist in the

system, we have assumed that a single reference state would
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provide an adequate starting point. In the first approach, we

carried out TDCCM calculations in a stationary basis with the

initially prepared state as the reference state. The working

equations in this approach became stiff very soon and could not be

integrated. As noted in Chapter II the working equations became

stiff when the overlap of the wave packet with the model space

(the reference state in this case) approaches zero. Since the

autocorrelation function is practically zero for most of the time

in our calculations, this must the reason for the stiffness of the

equations. To circumvent this one must choose the model space

(the reference function) such that its overlap with the exact wave

packet is significant through out the course of its time

evolution. Since the TDSCF solution to this class of problems is

known to have such acceptable overlap for moderately long times17,

we carried out TDCCM calculation in the dynamical basis generated

by TDSCF, i. e. using the TDSCF state of the initial (t=0) state

as a reference state. The resulting equations were not stiff

indicating that TDSCF does indeed provide a good reference state

for the TDCCM calculations.

We next turn to the approximation of the cluster

operator. Due to the constraints on computational resources, we

could only study one approximation S=S2. The computational

studies showed that this approximation considerably improved upon

the TDSCF results and often is quite close to the exact result.

With these we draw the following tentative conclusions:

(1) The TDSCF provides a good reference state for the dynamical

calculations, (2) A single reference TDCCM at S=S2 level over this
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reference state is adequate to provide a good description for this

class of systems. More studies are required to confirm these

conclusions.
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CHAPTER VI

SUMMARY



In this thesis we were concerned about the development

of exponential ansatze for the construction of time evolution

operator in the framework of effective hamiltonian theory. We

have shown that based on the subalgebraic structure of the

spectrum generating algebra under consideration the equations of

the time-dependent coefficients belonging to different groups of

the generators of the evolution operator are decoupled from each

other if a Wei-Norman product form1 is used with particular

groupings of the operators. We then used it to construct

perturbation expansions to the wave operator. Three different

perturbation schemes are developed: a similarity transformation

based perturbation theory (STP), hermitised similarity

transformation based theory (HST) and the unitary transformation

based perturbation theory (UTP). The HST provides a

nonperturbative solution.

The advantage of these perturbation theories is that the

working equations for the generators contain finite order

polynomials unlike in Magnus expansion.2 The number of terms at

each order of perturbation theory are fewer compared to Magnus

expansion. Moreover the conditions under which the solution

exists can be laid down. The origin of norm violating intruder

states was also analyzed. Some model studies were made to assess

the convergence properties of the perturbation theory. In both

STP and UTP formalisms the higher order approximations improved

upon the lower order perturbation theory. However in STP in the

long time limit norm violations are seen due to the intruder state

problem. The HST ensures the hermiticity of the underlying

effective hamiltonian through out the time evolution and so norm
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violations are eliminated in this approach. Unitarised theory

(UTP) also eliminate norm violations but this is achieved at the

cost of practically eliminating some states from the model space.

In general HST performed better. From these conclusions it can be

seen that these approaches are useful for the description of

dynamics with a large number of strongly interacting states.

We next explored the sub-algebraic structure present in

the operator set of the Fock space. There are two reasons for

motivating this analysis. This approach provides a pictorial

representation of the dynamics of systems in terms of the dynamics

of component subsystems. This is because the operators in the

Fock space can be classified as one-body, two-body, etc. n-body

operators and hence can be identified with the corresponding

one-body, two-body, etc. n-body subsystems. In addition, this

approach can be used to construct a sequence of nonperturbative

approximations in terms of such subsystem amplitudes. We note

that in recent years TDSCF approximation had been used with

varying degrees of success. The approximations to the evolution

operator with one-body operators included in the wave operator is

similar (but not identical ) to the TDSCF approximation. Thus

this approach provides a generalization of TDSCF approach.

Inclusion of higher body operators leads to the time-dependent

generalization of the multi-reference coupled cluster method

(MRTDCCM).

Use of different subalgebra sequences leads to different

forms of the wave operator. We have analyzed two such sequences.

The first one is essentially the wave operator defined by

Mukhopadhyay et al. The other one is the multi-reference
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time-dependent generalization of the extended coupled cluster

method developed by Arponen.4 The MRTDCCM approach can be

constructed in several representations. We have considered the

basis set representation specifically. It is also possible to

construct the wave operator in terms of the coordinates and

momentum operators of all the particles. This approach was

studied by Madhavi Sastry.5 It is also possible to develop mixed

representations in which some degrees of freedom are represented

in basis sets while others are represented in terms of their

coordinates and momenta.

Given the TDCCM framework the next question we addressed

is the utility of such an approximation in dynamics. Specifically

we tried to see whether a low body (two body) expansion to the

cluster operator is capable of providing a quantitative

description of the over all dynamics of various classes of

chemically interesting systems. Such studies have been carried

out in the electronic structure theories.6 The two-body nature of

the Coulomb interaction and the Pauli's exclusion principle assure

us that the two-body expansion of the cluster operator is adequate

there. Very few such studies have appeared to date for

nonstationary systems.

The first example we have studied is the intramolecular

vibrational energy relaxation process in a model hydrocarbon

chain. This system consists of several overlapping nonlinear

resonances which involve the interaction of many modes. We have

taken our model space such that the quantum number of the bath

degrees of freedom remain the same in all the states of the model

space. This model space has the advantage that it provides a one
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to one correspondance with the Morse oscillator states. Moreover

all the states that are nearly degenerate with the initial state

can be reached by the action of two-body operators on the model

space functions. The convergence studies with two-body and

three-body cluster approximations have proved that the two-body

operators provide adequate description of the dynamics.

The dynamics are studied both in the basis set

representation and in the mixed representation in which CH Morse

mode is treated in the basis set representation and the CC

harmonic bath modes are represented by boson ladder operators. In

the basis set representation the ordinary exp(S) results are

compared with the normally ordered exp(S) results. The ordinary

exp(S) at two body level produced converged results up to 4

vibrational periods whereas the normally ordered results are not

converged up to this point. Beyond 4 vibrational periods due to

the development of intruder states the performance is effected in

the ordinary exp(S) ansatz. If the model space is chosen so as to

include all the strongly interacting states the results are

expected to improve. The mixed representation reproduced the

results for longer times than the basis set representation method.

The Next problem we have studied is the nonadiabatic

dynamics in the framework of linear coupling model.8 The initial

state was used as the reference for a single reference TDCCM

calculation. The working equations for the cluster operators in

this approach became stiff within a very short period of time.

This is because the ACF becomes practically zero by this stage.

One way of overcoming this would be to use a dynamical basis set

such that the reference function used for TDCCM in that basis has
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a large overlap with the exact wave packet. We used the TDSCF

solution to the problem as the reference function as TDSCF is

known to provide reasonably good description upto about lOOfs.9

The modulus of autocorrelation function and the spectra are

computed for four model systems and compared with the TDSCF

calculation. In all these cases we found that TDCCM performed

better than the TDSCF.

On the whole we believe that the computational evidence

provided here is indicative of the potential of the TDCCM

approach. If the model space is judiciously chosen we believe it

can offer quantitative description even at two-body approximation

to the cluster operator. These conclusions are ofcourse tentative

and would have to be tested on wider range of problems and more

realistic potential energy surfaces.
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